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ABSTRACT

The purpose of this research was to develcp o stable thin film resistor
material of high resistivity and low TCR, reproducibly depositable by vacuum
evaporation methods. Films of the classes metal, metal-metal oxide, metal-
silicon monoxide, metal nitrides, silicides, and borides have been prepared and
examined for electrical and structural properties. Materials included have been
Gd, Ti, Tm, V, and Zr; Al + SiO, Cr + Si0, Cu + Si0, and Mn + SiO; Ta, 05, Tio,
TiOE, VQOS’ and Zr0O,; NbN and TiN; CrSi2 and TiSi2; BuSi’ NbBE, Ni2B, and TiB,;
, and with B)Si. Some 758 films of the various
materials were eximined with resistivities and TCR values respectively in the
range 100 to 107 microhm-cm and 2200 x 10'6/°c to -6000 x 10'6/°c. Plots of

and mixtures of CrSi2 with Tisi

TCR versus resistivity for the respective materials generally gave a straight
line of steep slope through the region near zero TCR; and for most materials
either resistivity or TCR values could be approximated from a known value of the
other. Chromium + silicon monoxide proved to be the most desirable material
examined from the standpoint of high resistivity (10,000 microhm-cm), low TCR

(+ 200 ppm/°C), and stability at 125°C (aging < 1% in 1000 hrs). Zirconium-
zirconium oxide yielded about 2500 microhm-cm with low TCR but poorer aging
qualities. CrSi, and (CrSi

2 2
3600 microhm-cm, respectively, with low TCR (-440 ppm/°C) and good stability.

+ TiSig) yielded resistivities of about 1600 and

The principal fault with Cr + Si0 is the difficulty in control of its
co-evaporation with single or dual source arrangements. The greatest repro-
ducibility was obtained with a dual source arrangement by manually controlling
the current of each source. Satisfactory reproducibility can be expected with
instrumented servo control of source temperatures and vapor outputs. With the
dual soufce, a diaphragm was used to an advantage on one of the sources to
decrease the dispersion of film resistivity to * 10% over a 2" x 2" substrate
area. Uniformity of substrate heating appeared as an additional variable affect-
ing uniformity of film registivity over large glass surfaces and suggests that
suitable substrates of high heat conductivity may be used to an advantage to
decrease variation in resistivity. The importance of the Cr812 is that it
exhibits excellent stability and can be evaporated from a single source to
produce films of greater resistivity than some currently used metal films. The
resistivity of the zirconium-zirconium oxide combination and the stabilizing

influence of Si0 suggests that Zr + 510 would be a fruitful material to examine.

ix



I. INTRODUCTION

The purpose of the research under Contract No. NAS8-20072 was to
develop a resistor material of high resistance per square, low temperature
coefficient of resistance, and high stability with respect to time and tem-
perature. The desired material would be easily and reproduclibly deposited
by vacuum evaporation methods.

The use of thin films for forming passive elements in hybrid micro-
electronic circuits has lead to high reliability and greater flexibility in
circuit design., Thin film resistive elements, for instance, provide a range
of resistor values which exceeds that which can be achieved readily by dop=-
ing of the semiconductor material used in integrated circuitry. In addition,
the inter-element capacitance can be less in deposited circuitry than that
in integrated circuitry where reverse-biased junctions provide the isolation
between elements.

In the application of thin film resistive materials, one is most often
confronted with problems in fabrication methods and in the reproducibility of
these methods. Much of the difficulty can be attributed to mimute details in
the techniques which are not usually given proper attention. A rather com-
plete description of the fabrication methods and procedures used during the
contract is included as a major section of this report.

The exploration of materials for thin film resistive elements neces-
sarily involved the examination of many metals, metal oxides and cermets.

The selection of the deposition parameters for each material and the evalua-
tion of the resultant films constituted the major part of the contract effort.

During the first three months of the contract a large rmumber of films
of titanium and zirconium deposited at various pressures of residual oxygen
and at various evaporation rates were examined. These preliminary investiga-
tions which were conducted concurrently with the development of fabrication
techniques indicated the feasibility of obtaining high resistance per square
and low temperature coefficient of resistance. The evaporation of titanium
in oxygen at a pressure of lO_5 torr and at a rate of 2 angstroms per second pro-
duced a value of 1655 ohms/square. Zirconium films deposited. in a resijual
gas pressure of 2 x 10"~ Torr gave a high R/sq. of 905 ohms per square and a
change in resistance of < 1% after heating to 125°C in air for about 30 min-
utes. A resistivity of 2400 microhm-cm was obtained for e zirconium - zirconium

oxide film having a TCR < 100 ppm/°C.




In the next quarter the properties of films formed by the co-
deposition of chromium and silicon monoxide from a common source were examined
along with studies on vanadium and zirconium. The chromium-silicon monoxide
system sppeared to be quite promising as a high resistivity material of low
TCR and high stability so that more emphasis was placed on this combination
than on some of the other materials. Resistivities of the Cr + Si0O films
ranged from 1000 to 10,000 microhm-cm with TCR values of £ 1 x 1o'l‘/° c. It
was difficult to control the evaporation of the two materials from the common
source used because of their differing vapor pressures. One neighboring ele-
ment in the periodic table to chromium, that is, manganese, was selected for
a study of its co~deposition with silicon monoxide from a common source because
it appeared the resultant films might have similar properties to the
Cr + 510 mixtures; and, since the vapor pressures of Mn and SiO are reported
to be approximately the same, easier control of the process might be accom-
plished. The latter hypotheses was not borne out in the experiments due to
the fact that the manganese vaporized at a much higher rate than did the SiO.
Electrical properties of the two species were similar but the Cr + Si0 films
displayed higher resistivity at a given TCR value and exhibited superior
aging. Other materials were co-deposited with Si0 and examined subsequently.

During the third quarter some film specimens of titanium nitride and
niobium nitride were examined. The titanium nitride films exhibited resist-
ivities too low to meet the desired specifications and both materials were
difficult to evaporate from refractory metal boats; the niobium nitride re-
quired the use of electron beam bombardment techniques. Other materials
studied during this quarter included Al + SiO, Cu + 8iO, Sn + SiO, and Mn +
S10. Aging studies of the films were begun to determine the stability of the
resistance at 125°C for unprotected and SiO-protected films.

During the next quarter the aging studies were contimued along with
the fabrication of additional Cr + SiO and Mn + Si0 films. In general, the
aging of SiO-protected resistors is far less than that of unprotected resis-
tors. Post-deposition baking techniques were initiated.

The final periods were devoted to extensive aging studies of the most
promising films, exploratory studies on other materials, notably borides and
silicides, and the examination of films by electron and x-ray diffraction,

electron microscopy and other analytical techniques.

The sections which follow give a detailed description of the film

abrication and measurements procedures (Section II-A) and the results

]




obtained on the various materials studies (Section II-B). Particular

e chromium-gilicon monoxide films and the boride and
silicide films. Further discussion of these results is included in Section
IIT and a summary of the main results and suggestions for future studies are
included in Section IV. The appendix consists of tables which contain de-
tailed data on most of the films studied and summary data on certain para-

meters.



IT. EXPERIMENTAL WORK

A, FIIM FABRICATION AND MEASUREMENTS

1. Vacuum Deposition Procedures and Apparatus

Of the several possible methods for fabricating thin film resistors,
the one used in this study was deposition by evaporation in high vacuum as
specified in the contract. A detailed description of the various evaporation
apparatus and the procedures used is included in this section. Such detail
is considered necessary since differences in fabrication methods not adequately
described in the published literature meke it difficult to compare or duplicate
results obtained in separate laboratories on similar type films. The other
reason for extensive detall is that procedures are then well documented for
future use.

A total of seven hundred fifty-eight film specimens were fabricated
for the wvarious studies. An additional representative number of comparative
film specimens were prepared on electron microscope grids for analytical stud-
ies. The films fall into seven major classes of materials as follows: pure
metals, metal-silicon monoxide cermets, metal-metal oxide as a result of evap-
orating pure metals in partial pressures of oxygen, metal-metal oxides as a
result of evaporating metal oxide compounds, metal-metal nitrides from the
evaporation of metal nitride compounds, silicides, and borides. The metal-
silicon monoxide systems studies were A1-Si0, Cr-Si0O, Cu-~Si0, and Mn-SiO.

The metals Gd, Ti, Tm, V, and Zr were prepared. Metal compounds evaporated
in high vacuum included Ta205, T1i0, Ti02, V205, Zr02, NbN, TiN, CrSig, mix-
tures of Cr512 and TiSiE, mixtures of CrSi2 and BuSi, BuSi, NbB2, NigB, and
TiB2. Film resistors were prepared on three different substrate materials,
Corning #7059 glass, soft glass microscope slides, and fused quartz. Sig-
nificant fabrication details are given in Table I for most of the films fab-
ricated, and these data are summarized in Table V.

The principal appaeratus employed in the fabrication of these speci=-
mens included substrate cleaning equipment, four high vacuum systems, two
substrate changers, and an electron beam evaporation system. Other small
accesscries and instrumentation necessary for establishing processing para-

meters and control were utilized.

1.1 Vacuum Deposition Apparatus and Techniques. The basic deposi-

n apparatus consisted of four high vacuum systems. These were equipped




with versatile chambers and base plates and instrumentation for the measure-
ment of various parameters during deposition. They were designated systems
A, B, C, and D and are described subsequently.

Vacuum System "A": System "A" was constructed at Georgia Tech.

Basic components are a forepump with a pumping speed of 5 cubic feet per
minute, an oil diffusion pump 4 inches in diameter, a liquid nitrogen cold
trap, appropriate valves, gauges, and two a. c. power supplies rated at 2
KVA each. Pressure measurements are made with a Veeco vacuum gauge, type
RG-3A. An ionization gauge tube, Veeco type RG-75, is installed between the
bell jar and cold trap for pressure measurements below 1 x 1o'u Torr. Argon
and other gases are admitted to the system through bleeder valves located in
the exhaust pipe to the base plate and chamber.

For the work under the contract, a straight section of Pyres Brand
"Double Tough" pipe six inches in diameter and 12 inches in length was used
as a chamber (the pipe is mamufactured by Corning Glass Works). An overall
view of the chamber arrangement is shown in Figure 1. Upward evaporations
were made from refractory filaments, boats, or crucible sources connected to
current feedthroughs at the base of the chamber. A top cover plate was adap-
ted with a substrate holder, heater, and shutter, as shown in Figure 2. The
shutter mechanism permitted shielding of the substrate during premelting and
outgassing of the evaporant.

The heater enclosure was constructed of stainless steel shim stock and
served as a radiation shield for a graphite cloth heating element. The graph-
ite heating element was a l-inch wide x 3-inch long piece of graphite tape
stretched parallel to the substrate. The substrate holder was attached to
the open side of the heater enclosure with screws and doubled as a contact
mask for the substrate. It was machined from 12 gauge stainless steel, type
304k. The mask supported substrates measured up to 1 x 3 x 1/16 inches.

The fixture was calibrated for substrate temperature versus heater
current, To accomplish this, a platinum film resistance thermometer on a
1 x 3 inch microscope slide was placed in the substrate position, and its
temperature was measured at the end of 1/2 and 1 hour heating intervals for
a given heater current. The temperature within the enclosure represented an
average temperature for the substrate under these conditions.

The mask was machined to enable the deposition of four parallel film
resistors across a 1 x 3 inch substrate. Terminal areas were enlarged so

that the shape of the deposit pattern resembled that of a dumbell. Initially
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the substrate assembly was fixed to the heater so that the substrate was

at an angle of 45 degrees with the horizontal plane including the source.
Thus, each of the four resistor deposits were at a different distance from
the source. To record this the resistors were labeled A, B, C, and D in
going from the substrate end closest to the source to the end farthest from
the source. The median source-to-substrate-distance was about five inches.
During deposition, the A end was exposed to proportionately greater radia-
tion intensity from the evaporation source. No attempt was made to measure
the actual temperature gradient across the substrate during deposition.
Resistors of seversal materials* were deposited with this arrangement. It
will be noted that the A section is thickest with the thickness decreasing
in the order of the B, C, and D sections. Usually, the specific resistivity
of the films increased with the order of the sections.

The heater and substrate assembly was then modified so that the sub-
strate was parallel with the heating element and the horizontal plane of the
source. The previous mask was used in this arrangement, also. In addition,
a second mask was machined for depositing a film resistor pattern measuring
1/2 x 1/2 inches on a pre-terminated 1 x 1 inch substrate centered over the
evaporation source at a distance of about 5 inches.

Vacuum System "B": Constructed at Georgia Tech, vacuum system

"B" is similar to that of vacuum system "A" described above. The major dif-
ferences are an oil diffusion pump of six inches in diameter instead of four
inches and a water baffle instead of a LN2 cold trap. Otherwise, the systems
were equipped similarly.
. The chamber and header assembly was similar to that of system "A" as
shown in Figure 2. A substrate mask-holder was machined to enable the depo-
sition of three resistors in a 1/2 x 1/2 inch area on pre-terminated substrates.
It could support either three 1 x 1 inch substrates or one 1 x 3 inch substrate
at a distance of about 5 inches above the evaporation source.

A V-trough and slider was attached to the header for dropping powder
mixtures onto a heated filament for flash evaporations.- This was used to
deposit a few chromium-silicon monoxide resistors by flash evaporation of the

respective powder mixture of chromium and silicon monoxide.

*
including Ti + 02.




Vacuum System "C": This vacuum system is a standard Veeco model

of the VE-400 series. It consists of a forepump with a pumping speed of 5
cubic feet per minute, an oil diffusion pump 4 inches in diameter, a water
baffle, a liquid nitrogen cold trap, mamually operated valves, thermocouple
and ionization gauges, a glass bell jar 18 inches in diameter, and two a. c.
power supplies rated at 2 KVA. All pressure measurements were made with the
standard ionization gauge supplied with the system. The gauge tube is loca-
ted near the cold trap and in the basic piping immediately between the dif-
fusion pump and base plate. Thus, the pressures recorded are probably lower
than the actual bell jar pressures. This difference, however, was probably
less than one order of magnitude during evaporations, especially, when a
Meissner cold trap inside the bell jar was operated.

A stainless steel collar was added to the system to provide for extra
feedthroughs for electrical apparatus and rotary shafting to operate the sub-
strate changer discussed subsequently. Also, a Meissner cold trap was con-
structed and located in the bell jar. The trap was constructed of one-half
inch diameter copper tubing, coiled to form a helix of six turns and approx-
imately 6 inches in diameter and 6 inches in length. Iiquid nitrogen was
passed through the tubing by "Monel" alloy feedthroughs mounted in the stain-
less steel collar. The Meissner trap was operated immediately before and during.
the deposition of the films to give a lower pressure inside the bell jar during
the critical period of film deposition.

A substrate changer constructed at Georgia Tech was installed on this
system and is illustrated in Figure 3. The changer is constructed of non-
magnetic materials free of low vapor pressure constituents, particularly
zinc. Major components are fabricated of types 303 and 304 stainless steel.
Bearings and thrust washers are fabricated of a zinc free bronze alloy im-
pregnated with about 1.5 percent graphite. Mica, boron nitride, and alumina
are used for electrical insulators. Adequate pump-out features such as
grooves or channels are machined on mating surfaces. Screws are center
drilled for screw holes that bottom-out. Where possible bottomless holes are
used for screws. Top and bottom support plates are secured to the three legs
by nuts and are adjustable in the vertical direction. The substrate carrier
plate is fixed to a bronze bearing fitted and supported in the center of the
top support plate. A pitch chain sprocket is secured to the top of the bear-
ing for rotation of the substrate carrier plate about a centrally located
axle., The central axle extends through the bottom plate and is supported by
a precision collar that rides on top of the bottom support plate; the sub-

9
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Figure 3. BSubstrate Changer Used with Vacuum System C.
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strate carrier bearing locates the axle centrally at the top end. The
shutter plate is fixed to a bronze bearing that rotates freely about the
center axle while a pitch chain sprocket secured to the bearing permits
turning of the shutter. Miniature stainless steel pitch chains, universal
joints, gears, and shafting are connected to rotary feedthroughs installed
in the stainless steel collar to independently rotate the substrate carrier
and shutter plates from outside the bell jar. Adjustable spring cams ride
on the perimeters of the shutter and substrate carrier plates. The cams
engage with notches in the respective plates to obtain independent registra-
tion of the plates with respect to each other and the various source com-
partments. Independent substrate holders are positioned in the substrate
carrier plate. Four positions will accommodate substrates with a maximum
size of 2 1/2 x 3 1/8 inches. Holes in the top support plate permit access
to the substrate carrier plate.

The substrate holder served also as the mask for these studies. Four
ports or vapor windows are located ninety degrees apart in the bottom plate.
Evaporation filaments or sources are located below the windows. The stain-
less steel forms secured to the bottom side of the bottom plate are source
enclosures which provide shielding of the socurces from each other. Also, the
shields prevent undesired vapor condensation on the bell jar and changer.
Fach source compartment has a quick-release front cover plate for ready access
to the interior. An adjustable frame for holding a 1 inch x 1.5 inch micro-
scope slide is mounted on top of the bottom plate at each of the vapor windows
to serve as a front surface mirror for viewing each source from the exterior
of the bell jar during evaporation.

Radiant substrate heater assemblies and a resistance monitor are the
major accessories incorporated into the changer. The heaters rest in any of
the four holes in the top plate directly above a substrate or substrates to
be coated and can be readily transferred from one position to another or re-
moved for access to the substrate carrier plate. Figure 3 shows a heater
installed in the changer. Major construction details are illustrated in Fig-
ure 4. The graphite cloth element provides heating over the entire substrate
holder and is very efficient. For example, the cloth barely reaches the color
temperature range to obtain substrate temperatures of 500°C. (The method of
establishing substrate temperature is discussed subsequently). For this
work, the graphite cloth was folded to form two closely spaced layers in ser-

ies. The layers were insulated by a thin sheet of mica. The heater also
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ever, a greater current is raquired for a single inysy cloment to cbtain a

given substrate temperature.

Substrate temperature was indicated by a 22 gauge chromel-zlumel
thermocouple, TCh, positioned between the graphite cloth heating element of
the substrate heater and the substrate holder. TCh was calibrated against
a 40 gauge chromel-alumel thermocouple, TCS, fixed to the front surface of
a substrate. A loop of nichrome wire was heated by resistance heating and
was employed to embed the thermocouple in the substrate surface. Figure L
1llustrates the arrangement of the thermocouples for calibration of TCh' The
temperatures indicated by both thermocouples were measured versus time for
one hour and one-half hour heating periods and various variac settings of the
heater power supply. Data obtained for one hour heating periods are plotted
in Figure 5. The thermocouple fixed to the substrate, TCS, indicated higher
temperatures than TCh for temperatures below 425°C and lower values for tem=-
peratures above 425°C, Heater currents at the end of the heating periods
ranged from 5 amperes for a substrate temperature of 200°C to 14,1 amperec
for a substrate temperature of 500°C. These data were used to determine sub-
strate temperatures from measurements with TCh during the fabrication of film
resistors.

As discussed subsequently, Cr-3i0 films deposited on substrates meas-
uring 2 x 2 inches were non-uniform in resistivity over the surface area.
Much of the non-uniformity was attributed to non-uniform heating of the sub-
strate with the graphite heating element. The area of the graphite element
was 2" x 2,5". This is approximately equal to the area cof the substrates.
The element sagged with extended use, also. More uniform heating of sub-
strates can possibly be had by making the area of the heating element some-
what larger than the area of the substrate and by preventing the cloth from
sagging. In this work, improved uniformity was obtained by placing a metal
block on the substrate. The substrate was heated by the block which was equal
in area to the substrate and was heated by the graphite heater.

Two sets of substrate masks were used with the changer. These are
illustrated in Figure 6. Each set of masks consisted of a mask for orede-
positing gold over chromium terminations and a mask for deposition of the
resistive film. Both masks were machined from type 304 stainless steel.

The masks at the left sides of Figures 6a and 6b are the termination masks

for the respective resistive film masks shown to the right. The slotted
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Assembly of Substrate Changer on Vacuum System C,



(a) MASKS FOR DEPOSITION OF RESISTORS 5/8-INCHES LONG x |/16~INCHES WIDE

(b) MASKS FOR DEPOSITION OF 6 RESISTORS ON A 2 x 2-INCHES SUBSTRATE

Figure 6. Substrate Masks.
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holes at the top and bottom ends of the mask to the right in Figure 6a were
used for depositing the resistive films. Between the terminals each resist-
or was 5/8 inch long and 1/16 inch wide. The resistor deposited at the
slotted hole with the dumbell shaped ends was monitored during deposition.
The small round hole near the center of the slot was for holding an electron
microscope grid. The mask to the right in Figure 6b was used to deposit six
resistors in a single evaporation on a 2 x 2 inch substrate.

A tantalum grain box, R. D. Mathis type ME-1, was used to co-evaporate
Cr-5i0 and Mn-3i0. The source was in the position of the induction coil shown
in Figure 3. The source temperature was calibrated against source current to
obtain the socurce temperature values by the method indicated in Figure 7.

The resistance monitor on the changer consists of a set of stationary
spring contacts mounted in the top support plate that engage with a set of
contacts fixed to the substrate carrier plate at each of the four substrate
positions. By connecting leads from the contact on the substrate carrier
plate to pre-deposited terminations on a substrate, the resistance of conduc-
tive films can be measured during the deposition process. This feature per-
mitted deposition of resistive films to a given resistance value. During
deposition of films in this report, the film resistance was monitored with an
impedance bridge, General Radio type 1650-A. After removal from the vacuum
chamber, the resistance of the film was measured at room temperature with a
wheatstone bridge, Rubicon Instruments model 1071.

Vacuum System "D": Vacuum system "D" was set up primarily for

electron beam evaporations. The system is a Veeco model VE-775 automatic
évaporator. It is equipped with a modified Edwards microcircuit jig or sub-
strate changer and a Veeco VE-B6 electron beam gun system. Electron beam
evaporations were made from a massive copper crucible. Apparatus within the
bell jar is shown in Figure 8. The bell jar of this system is constructed
of stainless steel and is 26 inches in diameter.

Evaporation of metal films onto room temperature substrates with the
electron gun resulted in film deposits of non-uniform thickness. The non-
uniformity was noted for a number of metals evaporated with the electron gun
on substrates at temperatures up to 250°C., The non-uniformity resulted from
electron and/or ionic charges arriving at the substrate and possibly the
charge build-up that occurred on the substrate surface. Film deposits on
glass substrates heated to 400°C and sbove appeared uniform. At 400°C, the

substrates are slightly conducting and apparently this prevents the surface
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from becoming charged during the deposition. Thus, it is believed that the
surface charge that can occur effects primarily the non-uniformity ocbserved
on the cooler and non-conducting substrates. A collector ring installed in
front of the substrate and biased at plus 300 to 600 vdc with respect to Lhe
substrate holder and baseplate eliminated the non-uniformity in film deposits

<
1%

on cool substrates; on the other hand, the non-uniformity persisted with the

ring bilased negatively; hence, it appears that the ring prevented the arrival
of electrons at the substrate surface which interfered with obtaining uniform
deposits. Even though uniform film deposits were obtained on hot substrates,
bombardment of the film by charges during build-up obviocusly continued in the
absence of the collector ring. Hence, it is quite possible that film purity
or characteristics are affected by such bombardment.

As a result of the high pumping speed of this system, most evapora-

tions were made in the low 10 ~ Torr range.

1.2 Substrate Selection. Corning Type 7059 glass was selected as

one of the primary substrate materials. It is a barium alumino-silicate with
compositions of extremely low alkali content. Because of the latter, it nas
found frequent use in the electronic industry as a substitute for the more
common glasses where migration of alkall ions with applied electric fields
caused instability in film components. The surface of this glass is quite
wavy; however, the smoothness is equal to or better than one micro-inch,
according to the manufacturer. The glass was obtained in dimensions of 1 x
1 x 0.32 inches from Corning Glass Works, Electronic Components Department,
Raleigh, N. C. Soft glass microscope slides of the non-corrosive varieties
were used extensively, also.

During efforts to evaporate some refractory materials with the electron
beam apparatus, the soft glass substrates were heated to the softening point
in certain instances. Hence, polished fused quartz substances were obtained
for electron beam evaporations of refractory materials. The dimensions of
these were 1 x 1 x 0.030 inches. These were purchased with the trade name
"Micro-fused Quartz" from Dell Optics Company, Itd., North Bergen, N. J.
(Between the glasses and fused quartz substrates, no difference in film par-
ameters were noted that could be attributed to the substrate material.)

Conventional copper grids overcoated with carbon films were utilized
for supplemental analytical studies with the electron microscope.

1.3 Substrate Cleaning and Apparatus. Two substrate cleaning meth-

ods were used during the program. Method number 1 was employed for all of the
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specimens fabricated with vacuum systems A and B, and Method 2 was used
with vacuum systems C and D. In both methods reagent grade chemicals were
employed.

Cleaning Method 1. Concentrated chromic acid was poured into a

cleaned beaker or petri dish. A few drops of distilled water were carefully
added to the acid. With addition of the water, the acid became hot. The
substrate was placed in the hot acid for 3 to 5 mimutes. The substrate was
then removed from the acid with tweezers and successively rinsed with dis-
tilled water and methanol. After the methanol rinse the substrate was dried
with a hot air blower.

Cleaning Method 2. For Method 2, special cleaning and handling

apparatus including a demineralized water rinse, vapor degreaser, and rack
for supporting a batch of substrates were employed.

The filtered demineralized water rinse depicted in Figure 9 was used
initially. It provided a temporary and useful water rinse facility for the
initiation of this work. The throw-away demineralizing cartridge employed
was the Research Model manufactured by the Illinois Water Treatment Company.
The filter was fabricated by packing a filtering grade of glass wool into a
5/8 inch diameter x L4 inches long polyethylene tube (calcium chloride drying
tube.) The covered polyethylene dish used for the water bath is 3 inches wide
x 9 inches long x 3 inches deep. A water flow rate of approximately 350 cc
per minute was maintained during rinsing.

During the latter part of the program, a Barnstead demineralizing
loop, Model PL-1~C, was obtained for final water rinsing. The PL-1-C loop
was equipped with a submicron filter, one mixed bed demineralizing cartridge,
one organic removal cartridge, resistivity metering, and appropriate valving.
To this a centrifugal water pump was added to recirculate a supply of water
through a stainless steel rinse tank. The system was charged with distilled
water, U.S.P. grade. This was added to the system as the water level dropped
with normal evaporation from the tank. The rinsing tank was installed in a
clean box and was covered with a 1id when not is use. After operating for a
few minutes, the resistivity of the water reached a level of 15 to 18 megohms.
This level of resistivity was used as a standard for rinsing the substrates;
l.e., after placing a batch of substrates in the rinse tank, they were not re-
moved until the resistivity of the water returned to the normal maximum value.
The substrates were cleaned in acid before rinsing in water. After installa-

tion of the high purity loop, gross acid was rinsed from the racked substrates
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with the initial water rinse of Figure 9 immediately before placing them in
the high purity rinse tank.

A vapor degreasing chamber constructed from stainless steel was em-
ployed during the final stage of substrate cleaning. The top of the container
was closed with an aluminum plate. The container was partially filled with
the liquid trichloroethylene and specimens were supported on a rack above the
liquid. When the liquid was heated to the boiling point by an electric hot
plate, it vaporized and condensed on the substrates. A continuous washing
action occurred as the condensed droplets were returned by gravity to the
liquid below. The degreaser was very useful in obtaining smear-free surfaces.

A special rack was constructed from type 304 stainless steel to sup-
port substrates during cleaning. Figure 10 illustrates the general construc-
tion of the rack which holds sixteen substrates for batch cleaning of rectan-
gular substrates. The rack is milled from a solid piece of stainless steel
to eliminate deep holes and screw threads that tend to hold solution between
successive baths or rinses. It is cleaned with the substrates, and the sub-
strates are supported so as to provide for adequate drainage of liquids from
the substrate corners and edges. The latter feature eliminates the gross for-
mation of so-called water marks or smears that occur if droplets of liquid
collect along the edges or corners during final drying of a substrate, The
hook type handle is constructed from a stainless steel rod and is used to
transport the rack.

Figure 11 shows the final cleaning station for substrate cleaning
method 2. The following is a stepwise descripbtion of the cleaning procedure.
- (1) Scribe code numbers on back of substrates and arrange in deposi-

tion order in substrate cleaning rack,

(2) Place racked substrates in a fresh hot chromic acid bath, about
100°C, for 5 minutes (chromic acid formed by saturating concen-
trated sulfuric acid with chromium trioxide at room temperature
-- keep acid dish covered to minimize oxidation at elevated
temperatures),

(3) Remove from the chromic acid and rinse away gross acid with
flowing demineralized water from drain tube of Figure 9,

(4) Dip racked substrates in tank rinse of Figure 9,

(5) Submerge racked substrates in high purity water rinse, Figure 11,
leave in recirculating bath a minimum of 10 minutes after resis-

tivity returns to a minimum of 15 megohms,

22




*yoBYy JUTUBST) °24BIISANG

"0T 2an3t4g

23



*2 poyssly JutuwaT) 93BJIFSqNG JOJ UOTFBIS JUTUBST) TBUTH PueB Ssurly J9%eM L3tand UysStH “TT 2anITg

JISNIY Y3LVM
03Z 1 TYY3INTW3a

d3SVYIH93A JOdVYA

oL




(6) Remove racked specimens from water rinse and rinse with
methanol from a blow flask,

(7) Place racked substrates in trichloroethylene degreaser for a
minimum of 10 minutes or until ready to place in vacuum deposi-
tion apparatus,

(8) Carefully remove substrates from degreaser,

(9) Use cleaned tweezers to remove substrates from cleaning rack

and position in holders in the vacuum deposition apparatus.

In the performance of the above cleaning procedures, the substrates
were not allowed to dry between successive baths. The methanol rinse was
used primarily to remove water from the substrates and rack before degreasing
since water and trichloroethylene do not mix very well., The trichloroethy-
lene degreaser was used primarily as a storage point immediately before film
deposition and as a technique of drying the substrates to obtain a streak-
free surface rather than for any unique cleaning or degreasing property of
the trichloroethylene vapor.

1.4 Pilm Thickness Measurement Apparatus. A constant deviation spec-

trometer, Hilger and Watts model D 186, was used in conjunction with an inter-
ferometer to measure film thickness. The interferometer is equipped with a
white light source and operates on the principle of multiple beam interfero-
metryl to produce fringes of equal chromatic order. The interferometer was
constructed under a previous project funded by the Engineering Experiment
Station of Georgia Tech., Design was based on that described by Scott,
McLauchlan and Sennett.2

1.5 Other Fabrication Apparatus. A stereomicroscope with a magnifi-

cation range from 0.7X to 60X, an optical pyrometer, wheatstone resistance
bridge, thermocouple potentiometers, multimeters, and ultrasonic bonding ap-
paratus were available for routine measurements examination, and preparation
of specimens during fabrication.

1.6 General Fabrication Procedure. Common procedures and precautions

followed to fabricate film resistors are discussed., Details particular to a
specific species of films are given later.

Preparation of Substrates for the Resistive Films: Immediately

following cleaning by one of the two previously discussed cleaning methods,
the substrates were appropriately masked and placed in a vacuum system for
evaporation of film terminations. Upon evacuation of the bell jar to the

low lO_5 Torr range or lower, the substrates were heated to about 300° ¢
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and the terminal films were evaporated. The terminals were deposited in
successive evaporation of chromium and gold. First, chromium was evaporated
to a thickness of 300 to 1000 angstroms. This was followed immediately with
the evaporation of an overlayer of gold. The thickness of the gold overlayer
was from 2000 to 3000 angstroms. After cooling, the substrates were removed
from the vacuum chamber, placed in a cleaned petri dish, and stored in a
desiccator until ready for deposition of the resistive films.

The chromium underlayer was employed to obtain strong adherence of
the gold film. Gold terminals were selected to provide a low resistance con=-
tact to the resistive films. The terminals were deposited before the resistive
films to eliminate the possibility of contact resistance that can result from
surface oxides between terminals and resistive films. The latter will occur
if the initial film deposited forms a surface oxide before the second film is
deposited. A minimum gold thickness of 2000 angstroms was necessary for sub-
sequent bonding of gold foil leads to the terminals by thermal compression or
ultrasonic bonding techniques.

Immediately before evaporation of the resistive films, the pre-termi-
nated substrates were removed from the desiccator and loaded into masks. Gold
leads were bonded to the terminals of those substrates to be monitored during
deposition; otherwise, the leads were attached after deposition of the resis-
tive films. All of the substrates were pre-terminated, except for a few films
fabricated early in the program. For the latter films, leads were soldered to
the resistive films with indium after deposition.

General Evaporation Procedure for the Resistive Films: After the

substrates were installed in the deposition apparatus and the source was
filled with evaporant, the following general procedure was followed for the
evaporation of the resistive films:
(1) rFina LN2 trap at beginning of pump-down, except for vacuum
system B,
(2) Evacuate to high vacuum range,
(3) Turn on substrate heater for desired temperature,
(k) Outgas evaporant and source by pre-heating or melting the
evaporant with the substrate shutter closed,
(5) After 30 minutes of substrate heating, record substrate temper-
ature and high vacuum pressure,
(6) Open shutter and evaporate resistive film, record pressure during

evaporation, and record monitor resistance at the end of the

evaporation,
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(7) Turn substrate heater off and cool substrates to 100°C or less,

(8) Cpen vacuum chamber, remove specimens and store in a desiccator.

Attachment of Ieads: Typically, gold ribbon leads (0.001 x 0.005

inches) were bonded to the gold film terminals of each resistor. Thermal

compression bonding was used in most of the bonding; however, ultrasonic
welding apparatus was available and used when convenient. Typical specimens
with leads attached are shown in Figure 12.

2. Measurements of Resistive Parameters

Measurements of resistance, temperature coefficient of resistance
(TCR), and thickness were made to determine the relationship between specific
resistivity and TCR of each film species. Representative specimens were then
selected for aging and passivation studies. Initial parameters for the indi-
vidual specimens are listed in Table I and summarized in Table V.

2,1 Resistance Measurements: Resistance measurements were made with

a wheagtstone bridge, Rubicon Instruments model 1071. After leads were fixed
to the resistors, resistance was measured to four significant figures at room
temperature. From the total resistance and known length to width ratio of the
film, the resistance per square was calculated. During subsequent aging stud-
ies resistors were removed from the oven and returned after measurement at room
temperature.

2.2 Measurement of Temperature Coefficient of Resistance: To determine

the TCR, the films were placed in a tube furnace and cycled to 125°C in air.

Initially, the resistors were cycled to this temperature in 5 to 10 minutes.
Later in the program a different oven was used, and the time was increased to

20 to 30 minutes. The TCR values were calculated from the relationship:

Bp - Ry

TCR = —————
RO(T - TO)

where RT was the resistance value at 125°C, RO was the room temperature re-
sistance after cycling, and T - TO was the difference in temperature, in
degrees centigrade, at room temperature (TO) and 125°¢(T).

Some films changed in resistance during heating to 125°C; hence, after
the nmeasurements at 125°C were made, the resistors were rapidly removed from
the oven and cooled to room temperature. By using the latter room temperature

value, oxldation and annealing effects were minimized in the calculated TCR
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values. Table IIirshows the changes in resistance experienced during TCR

measurements. Thinner films, less than 500 angstroms in thickness, usually
increased in resistance by a greater percentage than did substantially thick-
er films during the TCR measurements, This is to be expected since an oxi-
dized layer of given thickness is a proportionately greater fraction of the
thickness of thinner films.

2.3 Determination of Specific Resistivity. Specimens with TCR values

representative of the TCR range obtained for each species of films were selec-
ted for thickness measurements so that the relationship between specific re-
sistivity (p) and TCR could be established. Typically, two measurements of
thickness were made at different points on each film, and the average value
was taken as the film thickness., Thickness measurements were made with the
apparatus discussed in section 1.4. The specific resistivity was then cal-

culated from the relationship:
p = Resistance per square x film thickness;

where the resistance per square is in ohms and the thickness is in centi-
meters. Specific resistivity values are listed in the tables in units of
microhm-cm.

After the characteristic relation between resistivity and TCR was
established for a species and a given fabrication procedure, subsequent re-
sistivity values were estimated from a plot of resistivity versus TCR.*

3. Passivation and Stabilization of Films

Two techniques of passivating and annealing films to enhance stability
were examined. These were overcoating with Si0 and post-deposition baking in
air at elevated temperatures. These measures were taken after the resistive
parameters were determined.

Some films of the Mn + Si0 and Cr + S10 series were overcoated with
810 by evaporation techniques in high vacuum. The Si0O was deposited to a
thickness of about 6,000 Angstroms. During overcoating, the films were heated
to about 300°C in 30 minutes in the vacuum enviromment. Subsequent aging of

these films was then compared to that of similar films baked in alr and to that
of unprotected films.

A typical example for zirconium-zirconium oxide films is given in Figure 13.
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Post-deposition beking in air was studied more extensively as a
means of stabilizing the films. Selected specimens of the various species
were baked in air for 3 to 16 hours at temperatures ranging from 200°C to
300°C. Subsequent aging of the films were compared to similar films over-
coated with 510 and to unprotected films.

L. Extended Aging Studies

Selected specimens from most of the species fabricated were stored in
a convection oven at 125°C. Changes in the resistive parameters with time
were recorded. Typically, the study was conducted for 1000 hours. Both pro-
tected and unprotected films were studied for a no-load condition.

During the aging period, resistance measurements were made about once
a week. TFor each measurement, the specimens were removed from the oven, and
their resistance values at room temperature were recorded. Thus, each resis-
tor received a mild temperature shock upon removal and return to the oven. A
graph of resistance change with time was prepared for each resistor placed on
aging.,
5. Other Analytical Measurements

Electron microscope and electron diffraction studies of grids coated
during the evaporation of the wvarious specimens were made. Film compositions
were obtained primarily from the electron diffraction studies although elec-
tron microprobe and x-ray diffraction techniques were also used.

6. Use of Microprobe to Analyze Thin Films

The specimens prepared for examination with the electron microprobe
were deposited on carbon film substrates supported by electron microscope
grids. These specimens, when submitted for examination, were quite wrinkled
and wavy. With a specimen of this nature, the analyzing crystal in the micro-
probe "sees" a different input angle for each different area to be analyzed.
X-ray counts thus vary greatly as a result of this difference in the angle and
because of variance of absorption of the emitted radiation in paths of dif-
ferent lengths through the specimen. Variances of 30% from one grid opening
to the next opening on the same grid were not uncommon; thus, no quantitative
data could be obtained.

Two methods that may overcome these difficulties are:

(1) To float the deposited films off the substrates and deposit them

on fine mesh grids; or

(2) To deposit the films on polished solid substrats of different

elements than those in the film.
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These methods should be considered for any future investigations of

materials exhibiting wrinkling due to internal stresses or to other causes.
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B. ELECTRICAL PARAMETERS OF EVAPORATED FIIMS EXAMINED

1. Introduction

As stated previously 758 films in seven categories of metal or metal
compound films were examined. Measurements of electrical resistance, thick-
ness, specific resistivity, and temperature coefficients of resistance (TCR)
were made for most of these. In addition, structures of selected films were
examined by electron and x-ray diffraction and by electron microscopy.

These categories of films will be discussed in order of the simplicity
of the preparation of the films; i.e., metal films, metal-metal oxide films,
metal-silicon monoxide films, and films formed by evaporation of the more
exobtic compounds such as borides, nitrides, silicides, or combinations of
these compounds. This order of presentation proceeds from the commonly posi-
tive temperature coefficient of resistance of metal films to the nearly zero
or highly negative one of some of the materials examined.

2. Metal Films

Although the preparation of resistors of metal films was not a part of
the program due to the known low resistivities of the metals in their pure
state, incidental to the program some evaporations of metals were carried out
in order to establish a starting point from which to examine the effects of
evaporation of selected metals in oxygen at low pressure (lO_5 to 10—3 Torr) .
Films of chromium, gadolinium, manganese, titanium, thulium, vanadium and zir-
conium were examined. It will be noted also by examination of the literature
that 1little has been reported previously concerning the electrical properties
of films of gadolinium, manganese, thulium or vanadium. This fact is a second
reason for including in this report measurements of the parameters of the metal
£ilms examined.

Most of the films were deposited on glass substrates at temperatures
near 400°C. The exact conditions for the preparation of each film are noted
in Table I (Appendix). The TCR values of all except the very thinnest films,
or some of the slowly evaporated ones, were positive; the highest value ob-
tained was 0.0021/°C, 2100 x 10‘6/°c,or (2100 ppm/°C). Selected examples of
values determined for the films are shown in Table IA and exact detalls of
preparation and measurements for each film are shown in Table I.

It will be noted that the TCR values for these films varied from
-900 x 10'6/°c for the very thinnest films to +2100 x 10'6/°c for relatively
thick and more pure ones, Thickness ranges were approximately 1004 to 5000&,
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RESISTANCE PARAMETERS OF TYPICAL METAL FIIMS
EVAPORATED IN HIGH VACUUM

Metal Thickness R/sq Resistivity TCR P/Py
(Angstroms) (ohms) (Microhm-cm) (10-%°¢) (*)
Chr omium 1.8 +14
31.5 + 6
Mengeanese 6 + 1.4
730 29 210 + 1.5 1.1k
Vanadium 920 9.8 90 + 9.3 3.6
very thin (<100) 3,295, > 3,295 - 9.4 >1%0,
Titanium 13 +21
Zirconium 1,125 15.6 174 + 5 3.96
869 2,106 18,300 -L4.3 L2o
Gaedolinum 2,485 5.3 132 + 6.7 0.99
5,890 5 .64 3%2 + 5.96 2.48
Thulium L.6 +13.8
Examples of Metal Films Evaporated in Partial Pressure
of Argon Mixed with Oxygen at about 10™% torr with little,
if any, oxygen present.
Vanadium 590 16.5 97.4 +14 3.8
Titanium 700 10.7 ~T5 21 ~1.8
(Estimated)
767 35.2 270 + 1.95 6.4
Zirconium 1,280 7.7 99 +18 2.3
Gedolinium 1,369 15.7 21k + 6.2 1.6
Thulium 43 31.6 235 + 9.5 2.6

* p/pb is the ratio of the specific resistivity of the metal film to that of the
respective bulk metal. pyp values from Metals Handbook, American Society for
Metals, Cleveland, Ohio, 1961.
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and R/sq. values were 1 to 3300 ohms giving resistivities in the range of
approximately 30 to 18,300 microhm-cm. The highest resistivity value was
obtained for a zirconium film having a thickness of 869§ and a TCR of

-430 x 10-6/30. It was deposited at a slow rate of about 1 R/sec. in three
successive intervals of 5 minutes at a substrate temperature of 360°C.

The value of 2100 x 10'6/°c is only approximstely one half the TCR of
a pure metal film and the one of =430 x 10-6 is obviously one for a very im-
pure film. Impurities present at the substrate interface and at the exterior
one pollute the film in all instances except those employing the very best
vacua obtainable and meticulous substrate cleaning. In addition, molecules
of the residual atmosphere are occluded in the film. Hence, virtually no
evaporated film is a pure one and we only prepare metal films under most con-~
ditions which include varying degrees of impurities. The effects of impurity
content may be enhanced by employment of a highly active metal, slow evapora-
tion rates, increased pressures, and control of residual atmosphere in the
vacuum chamber.

Of the metal films examined only the ones of zirconium gave resistivi-
ties in the range of 10,000 microhm-cm desired; and the TCR of these was
approximately ~L0O x 10-6/°C. These values were obtalned at deposition rates
of a few angstroms per second with substrate temperatures of 350 to 450°C and
bell jar pressures in the lO_5 and 10-6 torr ranges. A much lower bulk resis-
tivity (pb) of 44 microhm-cm is reported6 for zirconium.

3. Films Prepared by Evaporation of Metals in Oxygen at Low Pressure

As noted in the preceding section, resistivities of deposited films
were increased by slow evaporation rates indicating combination of the atoms
of the deposited film with atoms of the residual atmosphere and probably at
the substrate surface. Thus, by increasing the oxygen content of the residual
atmosphere one would expect to further increase the resistivities of the films.
Hence, gadolinium, titanium, thulium, vanadium, and zirconium were evaporated
in this manner. In the early experiments, failure to flush entirely the in-
let hose of argon resulted in evaporation conducted in a residual atmosphere
of argon; this action, in turn, resulted in TCR values for the films as high

as those obtained under the best vacuum conditions in the systems employed,

. . *
and in some cases higher.

This resu&t suggested that evaporations in residual argon pressures of

about 1077 torr would give TCR values higher thap normally obtained for
films of metals evaporated in wvacua of about 10~° torr.
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Correction of the oxygen inlet procedure resulted in films of the
expected TCR and resistivity values. Table IB gives examples of films of
vanadium, titanium, and zirconium prepared in this manner. These films
were selected because they show the general range of resistivities for the
various materials having near zero TCR. The resistivities of vanadium and
titanium films prepared by this manner were about 300 microhm-cm, and a
zirconium film possessed a value of about 2400 microhm-cm. A total of some
85 zirconium films were prepared; these had a resistivity range of 99 to
approximately 6 x 107 microhm-cm and a TCR range of (+ 1800 to - 6200) x
10—6/00. It is evident that the higher positive TCR value represents that
of an essentially metallic film and the low negative one that of a zirconium
film composed largely of zirconium oxide or suboxides. The highest resisti-
vity within the + 200 x 10-6/°C range was the 2420 microhm-cm previously
noted.

It is possible to plot the resistivities obtained for a series of
films of this type against the TCR values and obtain a curve such as that
displayed in Figure 13 for zirconium-zirconium oxide films. This curve illus-
trates a considerable scatter of the data and a very steep slope of the curve
in the vicinity of zero TCR. This behavior implies difficulty will be en-
countered in obtaining a repeatable TCR, and, in general, agrees with exper-
ience during this research.

Similar data plotted for titanium and vanadium films deposited by
evaporation in oxygen enriched residual atmospheres are exhibited in Figures
14 and 15. Although the slope of the respective curves is much less in the
vicinity of zero TCR than for the zirconium, the much lower resistivity val-
ues obtalnable are obvious.

The few efforts with gadolinium and thulium were non-productive. Data
for all the films discussed are given in detail in Table I (Appendix).

It is evident again that zirconium alone of these materials gives pro-
mise of high resistivity at low TCR values. However, large variations and
the steep slope of the TCR versus resistivity curve near zero TCR indicate
a high probability that difficulty encountered in reproducibility of a desired
TCR will discount any advantage to be gained by the generally higher resisti-
vity of this material. Although higher in resistivity than the other materials
by a factor of 8 or more, it still falls comsiderably short of the specified
value of 10" microhm-cm at a TCR of + 200 x 10'6/° c.

35



TABLE I-B

RESISTANCE PARAMETERS OF TYPICAL FIIMS PREPARED BY
EVAPORATION OF METALS IN OXYGEN AT LOW PRESSURE

(Films were selected with TCR values near zero)

Thickness R/sq TCR
(Angstroms) (ohms ) Microhm-cm (10°4/°¢)
Vanadium 509 53.6 273 + 0.07
237 132.5 31k - 1.66
Titanium 767 35.2 270 + 1.95
504 51.6 260 - 0.18
Zirconium 726 84 604 + 0.01
1050 230 2k20 - 0.88
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L. Films Prepared by Evaporation of Oxides or Suboxides

Films were also prepared by the evaporation of selected metal oxides
or suboxides in vacua. These included oxides of tantalum, titanium, vanadium,
and zirconium. The data for these films are reported in Table I (Appendix).
Although very high resistivities were common, high negative TCR values accom-
panied the high resistivity values. No indications again were obtained that
this procedure was a fruitful course with the single exception that a zircon-
ium oxide film was prepared having a resistivity of 3.82 x lOu microhm-cm and
a TCR of -291 x 10-6/°C. The data for the zirconium oxide evaporations are
also included in Figure 15. These data indicated that the desired resistor
parameters can be met with zirconium compounds of some form (without considering
any stability or aging requirements).
5. PFilms of Metal-Silicon Monoxide

5.1 TIntroduction: The foregoing experiments did not appear to present

fruitful methods of obtaining high resistivity films of low TCR; whereas, ex-

5} Ll‘) 5

perience by others had indicated that metals co-evaporated with silicon
monoxide were a possible alternative, presenting, of course, the difficulties
in rate control of the dual evaporation sources or the rate control of two
materials from a single source.

Although chromium-silicon monoxide was known to be a desirable pair, an
interpretative study required the employment of more than one metal-silicon
monoxide pair, and studies of films of aluminum, copper, and manganese co-
evaporated with silicon monoxide were made. Of these, the chromium-silicon
monoxide palr gave resistivity and TCR results more nearly in the range de-
sired and data concerning it will be presented next.

5.2 Pilms of Chromium-Silicon Monoxide: Some 45 films of chromium-

silicon monoxide films were prepared by co-evaporating the materials from a
common source in the manner described in Section IT-A 1.1, Vacuum System C
and in Table I.* The TCR values of these films as shown in Tables I and V' '
varied over the range (-3800 to +283) x 10-6/°C and the resistivities from
about lO3 to lO7 microhm-cm. Of particular interest was the fact that thick

films with a resistivity of about 104 microhm-cm possessed TCR values consistently

within the limit %200 x 10'6/°c.

* A discussion of film uniformity and reproducibility control appears in
Section II B, 11.

*%
See appendix for Tables I and V.
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Figure 16 displays the general variation of TCR with resistivity for
these films. Data on their aging and reliability are presented in Section
IT B, 8.

5.3 Films of Aluminum-Silicon Monoxide. Sixteen films of aluminum

and silicon monoxide were deposited by co-evaporation of the materials and

were measured for their electrical properties. The general distribution of

the resistivity versus TCR data are shown in Figure 17 and in Tables I and

V. Here it will be noted that here is a considerable gap in which no measure-
ments fall between positive and negative TCR values. No attempt was made to
obtain points within the gap since the films were generally softer and were

less adherent compared to the Cr-SiO films. Only one film with a low absolute
TCR was obtained, giving a TCR value of +158 x 10-6 at a resistivity of 326
microhm-cm. Hence, this pair did not appear to be a fruitful one to investigate
further.

5.4 Films of Copper=-Silicon Monoxide. Thirty nine films of copper-

gsilicon monoxide were prepared and examined. Data concerning these are reported
in Tables I and V and in Figure 18. An unusual behavior occurred in which

there is a gap in the data between relatively highly positive and negative TCR
values. Apparently this is a characteristic of the species; for a series of
attempts were made to produce films that would give data to fill the gap; and did
not appear to be possible. Of those films for which thicknesses were measured,
the lowest absolute TCR value obtained was 276 x 10'6/°c. This film had a
resistivity of 42 microhm-cm. These films generally exhibited a most

singular behavior in that some of them displayed very high resistivities and

a positive TCR. In Table I it may be seen that a resistivity of 192,000
microlm~cm was recorded for a film (Cu + SiO-TB-A) possessing a TCR of + LOT

X 10'6/°c and one with a resistivity of 13,600 microhm-cm exhibited a TCR of
+1100 x 10—6/°C. This anomalous behavior should probably be studied further

as to the reason for it and as to its possible usefulness. Both high and

low resistivity values were obtained for nearly equal positive TCR values. A
wide variation in resistivity was also obtained for negative TCR values. Thus,
for the purpose of resistors copper-silicon monoxide films do not fulfill the

desired requirements.
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5.5 Films of Magenese=-Silicon Monoxide. Manganese is a near neighbor

of chromium in the Periodic Table. It was therefore considered as & suitable
metal to co-evaporate with silicon monoxide, especially, since it and SiO
sublimate over & common temperature rangé. Thirty=~one films of this mixture
were prepared by evaporations from & common source. The parameters of the
films are given in Table I (Appendix) and summarized in Table V. Here agein
both resistivity and TCR varied over large ranges. The highest resistivity
at low TCR was 3800 microhm-cm at -46 x 10-6/°C. Data plotted in Figure 19
indicate that resistivities near 104 microhm-cm should be obtainable at a TCR
of about =200 x 10_6/°C. However, in the aging tests conducted subsequently
the Mn+8i0 fillms were less stable than Cr+SiO. In addition, the hardness of
the films was inferior to Cr+Si0 films,

6. TFilms of Borides and Silicides of Selected Metals

6.1 Introduction. A literature survey was made on the properties of

metal borides and silicides. These materials are refractory and highly resistant
to corrosion. The literature search revealed little information on films formed
by eveporating the compounds. On the other hand, considerable informaetion is
available on the compounds and on films formed by vapor-pyrolysis techniques
(references 6, 7, 8, and 9). The borides are metallic in nature and have low
electrical resistivities and positive temperature coefficients of electrical
resistance.7 Several compounds of the borides and silicides exhibit semi-
conducting properties. In general, however, most of the metal borides and
silicides are metallic conductors with room temperature resistivities in the
range 6-200 microhm-cm.9 The metal borides of the group IV metals are better
electrical conductors than their respective components in most cases. The
electrical properties of several cf these compounds are listed in references
7, 8, and 9.

The compounds silicon boride (BuSi), nicbium boride (NbBe), nickel
boride (NiB) titanium boride (TiBE), chromium silicide (CrSie), and titan-
ium silicide (TiSie) were obtained from commercial sources. Minimum purity
of the materials was 98 percent. The selection of these materials was based
on availability from stock and on reported vapor pressure characteristics of

the respective constituents, among other properties. Figure 20 shows the vapor
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pressure of Cr, B, Si, Ni and Ti for the temperature range of 1200 to 3400
degrees Centigrade. The figure was prepared from a table of density and vapor
pressure of common elements by R. P. Riegert and distributed by Sloan Instruments,
Santa Barbara, California. NiB2 was obtained in lump form from Alfa Inorganics,
Inc. The remaining compounds were obtained from A. D. MacKay, Inc., New York
City.

At temperatures between 1200 and 1700°C, vapor pressures of Si and B
are nearly equal and of a magnitude for practical evaporation in this temperature
range ; hence, silicon boride should be vaporized with 1little change in composition.
The vapor pressures of Cr, Ti, Ni, and Nb differ considerably from that of Si
and B. Thus, considerable partial distillation of these would be expected
during evaporations where sufficient disassociation of the compounds occurred.
The vapor pressure curve of Boron is quite different from the other elements
in the range for practical evaporations, in that, it flattens out in the tem-
perature range of about 1700 to 2800°C. The melting point of 2300°C occurs
near the center of the range. The vapor pressure curves of Ni and Ti cross
that of Boron near 2000°C. Thus, at the points of intersections stoichiometric
evaporations of the compounds should be possible; on the other hand, departure
from stoichiometry would probably occur at temperatures above and below the
points of intersection. It appeared feasible that the latter feature could be
employed to produce high resistivity films of the boride materials by evaporat-
ing at temperatures which would result in boron enriched films. A number of
elements with vapor pressure curves that intersect the boron curve in the region
of low slope of the vapor pressure versus temperature plot are Pd, Y, V, and
Zr. In general, the silicides are less refractory than the borides; therefore,
materials of this species with relatively low melting points can be more
readily evaporated. Also, silicide film resistors were expected to be more
stable than the others because of the protective features of silicon oxide.
Though a very limited number of films were prepared of the compounds, most
of the discussed effects were observed to some degree.

6.2 Preparation of the Films. Electron beam apparatus was used to

evaporate the compounds CrSig, BuSi, NbB2 and TiBg. In addition, evaporations

of Cr812 - ‘I‘iSi2 and CrSi2 - BuSi mixtures were made by electron beam techniques.

L8




CrSi2 and TiSi2 were evaporated from resistively heated tungsten boats: simi-
larly, NieB was evaporated from tungsten baskets. Stable high resistivity
films were prepared from most of the materials, and in general, the stability
was enhanced by post-deposition baking of the films at elevated temperatures
in air,

The electron beam evaporations were made with a Veeco Ve-B6C system.
Evaporant charges were placed in a massive copper crucible. The electron gun
was spaced at a distance of 10 inches from the crucible. At this distance,
the beam diameter was about 1/2 to 5/4 inches with maximum electron density
over a 3/8 inch diameter spot at the center of the beam The broadness of
the beam aided in outgassing and melting powdered charges; however, due to
the beam dispersion, the power density available at the crucible was diminished.
The relatively large gun to evaporant distance minimized contamination of the
gun from evaporant vapors. Contamination was minimized further by having a
large metal plate with a small exit hole for the beam between the crucible and
gun to shield the gun from evaporant vapor. These measures eliminated the
need of frequent cleaning of the gun. The substrate to crucible distance was
8 inches for all of the electron beam evaporations. Figure 3 illustrates the
arrangement of the apparatus in the bell jar. Upward evaporations were made
with the tungsten sources at a substrate to source distance of about 4 inches.

Soon after deposition, the resistive parameters (resistance, R per
square, and TCR) of the films were determined. Typical specimens were then
selected for aging studies. To complete extended aging studies, measurements
were continued for about two months beyond the originally specified contract
period. The effects of post deposition baking on the films and subsequent
stability were examined, also. Detailed fabrication and resistive parameter
are given in Table I and summarized in Table V. Effects of post-deposition
baking are shown in Tables II and II A:* A summary of aging results 1s given
in Table III. The more pertinent aspects are discussed subsequently. In
these studies no evaluations were made of noise characteristics or of thermo-
electric potentials. The latter behavior should be examined,in particular,

for boride films. In general, the films were not examined for semiconductor

*
For Table IIA - see Appendix.
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properties. These are not likely to exist in films with TCR values of low
magnitude but would be suspected to occur in films of highly negative TCR
or those having resistivities approaching that of semiconductors.

6.3 Silicon Boride Films. The electron beam apparatus was employed to

evaporate silicon boride (BASi). A relatively thick film was deposited; it

was transparent and had a yellowish to brownish appearance. An infinite resist-
ance was obtained with ohmmeter probes applied to the film surface. Hence,
this material alone is not believed to be a likely one for resistor fabrication.
The film showed considerable resistance to scratching with a gsteel point; how-
ever, the hardness and adherence were not as good as that usually experienced
with Si0 films.

6.4 Niobium Boride Films. Niobium boride film resistors were deposited

by evaporating the compound NbB2 from a massive cooper crucible using an elec-
tron beam gun to heat the evaporant. Fifteen resistors NbB2 =<1 thru 15 were
fabricated by this method of evaporation. Glass substrates, Corning type 7059,
were used for specimens 1 and 2. Polished quartz substrates were used for
specimens 3% thru 14, and a glass microscope slide was used for 15. The sub-
strates were heated to 250°C before initiating the evaporation process. De-
position periods of 10 minutes in length were used for the first eight specimens
in the series. The remaining specimens were deposited in one to three minute
intervals. According to reference (7), the resistivity of NbB2 is 65.5 microhm-
cm, and the compound has a positive temperature coefficient of resistance.
Except for specimen NbB

2
from 1.03 x lO5 to 1 x 106 microhm-cm with highly negative temperature coef-

-9, resistivity of the niobium boride films ranged
ficients of resistance, see Tables I and V. A much lower TCR value of -4.76 x
lO-u/°C was obtained for NbB2 =93 during this evaporation, the stainless steel
shutter did not clear the path of the electron beam, and a portion of it was
melted. Evidently, this accounted for the lower TCR value obtained.

In Table I, it can be seen that the TCR values shifted in a positive
direction with increasing evaporant temperature corresponding to increasing
electron beam power used to heat the evaporant. To obtain niobium boride

films with small TCR values by this technique of evaporation, it is indicated

that evaporant temperatures exceeding 2300°C will be required. The electron
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beam power fluctuated considerably during these evaporations. To obtain control
over the resistivity of films deposited by this method, precise control of the
electron beam power will be necessary. A plot of specific resistivity versus
TCR for this species is shown in Figure 21.

From the variations in TCR and resistivity with beam power, it is
apparent that distillation effects resulted in varying degrees of boron en-
richment of the films compared to the compound formulation of the evaporant.
This could not be verified by electron diffraction measurements. The electron
diffraction patterns indicated that the films were amorphous .

Aging studies of specimens selected from the niobium boride series were
conducted. Unprotected resistors and resistors baked in air at 300°C were
stored in a 125°C oven to observe subsequent stability with time. The films
have aged relatively poorly. The resistance of films with resistivities in
the range of lO5 to 106 microhm-cm increased an average of 125 percent during
post~deposition baking at 300°C for 3 hours in air, and subsequent increases
in value of 8 percent were obtained after aging for 1000 hours at 125°C.
Niobium boride films of similar resistivities but unprotected increased in
resistance from 4 to 9 percent after 1000 hours at 125°C; lower resistivity
specimens of this series may show better aging characteristics. Figures 22
and 23 show: typical aging during 1000 hours at 125°C. Post-deposition baking
in alr did not stabilize the films of this seriles. One would expect to obtain
adequate passivation of the films with an over-layer of SiO.

It was interesting to note that the films of the first 8 specimens in
the niobium boride series exhibited transparency to great thickness ranges.
For example, NbB,-1 and 2 had a thickness of 2,325 and 3,480 Angstroms,
respectively, and to the naked eye showed a transparency similar to that
normally observed for pure metal films of a thickness of about 1000 Angstroms.
Pure metal films become opaque at a thickness of about 1500 Angstroms.

It is probable these films will have high thermoelectric coefficients:
however, no tests were made to establish their thermocelectric properties or

thelr sensitivity to light.

6.5 Nickel Boride Films: ZEvaporations of Nickel Boride, Ni2B, were

made from tungsten baskets in high vacuum. The evaporant was in the form of
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SPECIMEN: Nb82 -5
R-FILM FABRICATION DATE: 11/10/66
PROTECTIVE MECHANISM: None
DATE:
PARAMETERS:
INITIAL RESISTANCE: 84,500 ohms
RESISTIVITY: R/sq = 8,450 ohms

p = =2.4 X 105 microhm - cm
INITIAL TCR: - 40.3 X 10~ %/%C

AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM) (TO) (%) (10~%/%)
TCR cycle #1 =30" o 125°C in AIR  -0.32
+6 |- 125 °C Air Storage For 1000 hours +4
=
[SH]
(O]
=
<
xI
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(@]
=
<
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I L1 | 1
112 1 1moo21 3
NOVEMBER DECEMBER
DATE OF MEASUREMENT
Figure 22. Resistance Aging at 12500 in Air of a Typical Unprotected

NbB2 Film.
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SPECIMEN: Nb82—8

R-FILM FABRICATION DATE: 11/10/66

PROTECTIVE MECHANISM: Air Bake
DATE:

PARAMETERS :
INiTIAL RESISTANCE: 54,010 ohms
RESISTIVITY: R/sq = 5,400 ohms

p = =8 X 104 microhm - cm
INITIAL TCR: -32.6 X 107%/°C
THICKNESS:
COMPOSITION:
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM) __ (TO) (%) (10™*/°¢)
Air Bake: o
300 C 3 hrs 11/11/66 +170
TCR cycle #1 ~30' to 125°C in -0.02 (Before Bake)
AIR
125 °C Air Storage For 1000 hours +8

RESISTANCE CHANGE (%)

+72 -

0 | 1 1 1 !
11 21 i 11 21 31
NOVEMBER DECEMBER

DATE OF MEASUREMENT

Figure 23. Resistance Aging at 12500 in Air of a Typical NbB2 Film
Post-Baked in Air.

56




RESISTANCE CHANGE (%)

SPECIMEN: Cr‘Si2 -9
R-FILM FABRICATION DATE: 10/19/66
PROTECTIVE MECHANISM:  None

DATE:
PARAMETERS:

INITIAL RESISTANCE: 53.7 ohms

RESISTIVITY: R/sq

53.7 ohms

o =450 microhm - cm

INITIAL TCR: +0.59 X 10~%/°C

AGING:
TEST OR TREATMENT DATE AR TCR
b DUR NG AT END
TEST OF TEST
(FROM) (TO) (%) (10™%/%)
+3
TCR cycle #1 230" to 125°C in AIR  +0.2 +0.59
+2 o) .
125 “C Air Storage For 1000 hours -0.6
1
0
'.\-\\-
_‘| -
-2
_3—-
-4 ] 1 1 | | |
30 9 19 29 9 19
OCTOBER ~ NOVEMBER DECEMBER

Figure 24. Resistance
Cr812 Film,

DATE OF MEASUREMENT

Aging at 12500 in Air of a Typical Unprotected
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SPECIMEN: CFSIZ -4
R-FILM FABRICATION DATE: 10/10/66
PROTECTIVE MECHANISM: Baked in Air
DATE:
PARAMETERS:
INJTIAL RESISTANCE: 53.3 ohms
RESISTIVITY: R/sg = 53.3 ohms
p = =450 microhm - cm
INITIAL TCR: +0.59 X 107%/°C
THICKNESS:
COMPOS ITION: CFBSI
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM)  (TO) (% (10™%/%)
Air Bake: o
300 C 5 hrs 10/25/66 +4.2
+4 o Before
~20"
TCR cycle #1 30" to 1257C 6.0 Air Brake
= 125 °C Air Storage For 1000 hours +0.2
L
e +2}F
<
T
S
(W]
(@)
=
<
5
= 0 s
wl
[a el
- I N SR N SR
25 4 14 24 4 14 24
OCTOBER NOVEMBER DECEMBER
DATE OF MEASUREMENT
Figure 25. Resistance Aging at 125°C in Air of a Typical CrSi, Film

Post-Baked in Air.
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chunks ranging from small pellets to a nominal diameter of 3/8 inches. The
evaporant melted at a basket temperature of about 1200°C. According to (9),
the melting point of NigB is 1050°C. Specimen NigB -1 was evaporated at
temperatures near the melting point, and the evaporation rate was slow which
resulted in a very thin film as indicated in Table I. Specimens NigB -2 were
evaporated at filament temperatures exceeding 1300°C but less than 1600°C.
Electron diffraction analysis of grids coated similtaneously with the resistors
indicated a composition of nickel. As indicated in Tables I and V the resis-
tivity values were relatively low, and the TCR values were relatively high.
It is apparent that stoichiometric NigB films can not be obtained readily by
evaporating the material at the source temperatures employed. Possibly source
temperatures higher than 1600°C will result in nickel boride films more nearly
approaching stoichiometric properties.

Extended aging studies of these films were not conducted. During the
initial TCR measurements, the films increased in resistance by small percentages.

6.6 Titanium Boride. Of the silicide and boride compounds studies,

Titanium Boride, TiB is one of the more refractory. Its melting point is

J
about 2950°C. Howevir, resistive films of the material were deposited on soft
glass substrates by sublimation in high vacuum at considerably lower tempera-
tures than the melting point. Five resistors were fabricated in groups of
two and three in two electron beam evaporations from a powdered charge of TiBg.
The respective substrate temperatures were 260°C and 370°C. The specimens
were cooled to 75°C before removing from the vacuum chamber. The films of
both depositions were severely reticulated in areas of direct contact with the
glass substrate; however, no reticulation occurred where the films were over
the pre-deposited chromium-gold terminals.

The TCR values of the films in the second deposition ranged from -430
ppm/°C to -172 ppm/°C. Because of surface roughness of the reticulated films
thickness measurements could not be made with the interferometer used for this
purpose ; however, by visual observation it was obvious that all three films

were much greater than 1500 Angstroms thick. Thus, from the known R/sq values

the specific resistivity of the films were estimated to be > 10 microhm-cm.
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Electron diffraction patterns were made of films deposited on grids
during the two depositions. A strong Ti line was observed for the first
deposition at (2 to 5.6)KW beam power. A pattern could not be obtained
for the second deposition, and no identification of film composition was
made. The beam power during this deposition was in the range (2 to 3.5)KW.

During the TCR measurements, the films were cycled to 125°C in air
over an interval of 20 to 30 minutes, and the films increased in resistance
by an average value of 11 percent. The poor aging probably resulted from the
large area subject to oxidation due to high porosity and as a result of re-
ticulation. The films were not placed on extended aging tests.

Films deposited at 370°C were somewhat less reticulated than those
deposited on 250°C substrates. This indicated that the reticulation could
probably be eliminated by using considerably higher substrate temperatures.

The highly refractory nature of this material, its potentially inherent
protection offered by the formation of a tenacious surface layer of oxide
composed of oxides of titanium and boron, and its potentially attainable resis-
tivity and TCR characteristics by evaporation or sputtering are very desirable
features. The material is very promising for film resistor application provided
a proper choice of substrate and substrate deposition temperature can eliminate
the reticulation problem encountered.

6.7 Chromium Silicide Pilms. Chromium silicide film resistors were

deposited by evaporating the compound CrSi2

of about 1 x :LO_5 torr. The material sublimated at boat temperatures in the

range 1300 to 1400°C which is slightly below its melting point of 1L425°C. At

from tungsten boats at pressures

the sublimation temperatures, some reaction of the evaporant with the tungsten
boat occurred and a 5 mil thick boat was destroyed after 5 evaporations. At
the melting point and above, the compound destroyed the tungsten boat rapidly;
hence, evaporations from tungsten could not be made at temperatures above the
melting point. The parameters of the chromium silicide films deposited are
listed in Tables I and V. The substrate temperatures of specimens 1 through

3 were in the range of 375 to 450°C. Substrate temperatures during deposition
of the remaining films were in the range of 275 to 350°C. Specimens CrSi, -

2
1, 2 and 3 were deposited in 1—1/2, 1, and 3 minute perilods, respectively. A
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10 minute deposition period was used for specimens CrSi, - 4, 5, 6, and 7.

All of the substrates were Corning type 7059 glass. Foi analytical purposes,
an electron microscope grid was coated simultanecusly with deposition of each
resistor slide.

A complete set of data was obtained for the first two specimens. As can
be seen in Table I, the resistivity of the thinner film (320 A) was 615 microhm-
em. The thicker film had a specific resistivity of 332 microhm-cm and was 1350
A thick. The respective TCR values were -36 x 10_6/°C and +105 x 10_6/°C.

The magnitude of the TCR is small for the resistivity range of 332 to 615
microlm-cm. TCR values of the first seven film resistors having a film compo-

sition of Cr,Si ranged from (-7ik to +125) 10"6/°c. Two additional chromium

3

silicide resistors, CrSi.-8 and -9, were fabricated in this manner at the

highest practicable evapiratlon rate for the tungsten boat used. The TCR
values of these were +229 x 10 6/ C and +59 x 10~ / C, respectively. A resis-
tivity of 246 microhm-cm was obtained for Cr812 -8; this was the lowest resis-
tivity obtained for the chromium silicide series.

The electron beam apparatus was used to evaporate Cr812 at slightly
above its melting point. Two resistors, CrSi2 -12 and 13 were prepared by

evaporating from a melt of CrSi Average TCR and resistivity values were

+351 + 50 ppm/°C and 408 % 10 microhm-cm. In Figure 21, it may be seen that
these points fit a curve of resistivity versus TCR of the specimens prepared
previously with the tungsten boat evaporations.

An electron diffraction analysis of films deposited on grids with the

CrSi, resistors indicated a film composition of Cr,3i for the first five

evapirations from a tungsten boat. On the other thd, a strong chromium
composition was obtained for the electron beam evaporation from the melt.
According to reference (9) CrSi2 is a semiconductor. The fact that
films deposited from the compound show metallic conduction properties is
further evidence that the films are of different composition than the evaporant
and that partial distillation effects occurred at the source.
The lower resistivity and higher TCR values (more positive) were cbtained
for films where sublimation of the CrSi2 was conducted at just below its melt-

ing point from tungsten boats and for evaporation from the melt with an electron

beam. The higher resistivity and negative TCR values were obtained at slightly
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lower evaporation temperatures of about 1300°C from tungsten boats. Figure 21
shows that for these specimens the resistivity increased from 250 microhm-cm
at a TCR of +220 ppm/°C to 2,500 microhm-cm at a TCR of -700 ppm/°C. At zero
TCR the resistivity was about 500 microhm-cm.

The chromium silicide films were hard and strongly adherent to glass
substrates. Aging characteristics were superior, also. After 1000 hours at
125°C in air, the maximum change in resistance obtained was a decrease in
resistance of 2 percent for unprotected films. A maximum increase in resistance
of 0.55 percent was obtained after 1000 hours at 125°C for films baked in air
at 300°C after deposition. During the initial TCR measurements, the chromium
gsilicide films usually decreased slightly in resistance; this tendency to
decrease in value during aging indicates that the films were not completely
annealed during the deposition phase. A summary of the aging of the films
appears in Table III. TFigures 24 and 25 are typical aging curves.

In Tables II and IT A, the changes in resistance during post-deposition
baking are given. The maximum change in resistance during the bake was an
increase in resistance of 15 percent for CrSi2-6. In general, the changes in
resistance were less. One film, CrSi2-5, decreased in value by O0.47 percent.
For most resistor application, post-deposition baking should not be required
for properly annealed films. However, to meet stability requirements of 1
percent or less, post-deposition baking or other methods of passivation are
recommended. Post-deposition baking has an advantage in that, in addition to
annealing and passivating, it can be used to trim resistors in a positive
direction by oxidation to a specified value. From a fabrication standpoint,
it would be desirable to passivate and adjust the resistors to value at room
temperature; one might achieve this by anodization techniques; both chromium
and silicon form anodic films.lo

From a standpoint of ease of fabrication, stability, and low magnitude
of TCR, chromium silicide is recommended highly for film resistor application
that can be met by films of medium specific resistivity. In general, the

resistivity of these films in the *500 ppm/°C range of TCR is about an order
of magnitude higher than that usually reported for pure tantalum films deposited
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by diode sputtering. Before serious consideration is given to using the
material as precision resistors, the thermcelecctric and ncise properties
should be established.

A.8 Titanium Silicide Films. Twelve titanium silicide resistors were

deposited by heating a powder of the compound TiSi2 in a tungsten boat at
temperatures in the range 1400° to 1600°C. Sublimation of the compound occurred
in this range of boat temperatures. The boat temperatures were measured with

a pyrometer and appear to be in slight disagreement with the reported melting

temperature of 1500°C for TiSi,; however, the temperature of the powder was

;
probably less than that of thegboat because of losses in heat transfer between
the two. At temperatures > 1600°C gas evolution blew portions of the powder
from the boat. Parameters of the deposited films are listed in Table I.
Electron diffraction analysis of the first 10 films indicated a film composition
of TiSi2 plus free Si. Analyses of TiS;2 -11 and =12 indicated that these
films were composed primarily of TiSi,.. The highest boat temperature and re-

sultant evaporation rate were used foi these two films. It 1s apparent that
fractional distillation of the compound occurred at the source when heated to
the lower range of temperatures employed; hence, silicon enrichment of the
deposited film occurred. As the boat temperature was increased, the film
properties approached the bulk properties of the evaporant. Due to excessive
spitting of the TiSi2
with an electron beam gun were unsuccessful.

powder, attempts to melt and evaporate the material

By varying the boat temperature, a wide range of TCR values were obtained.
TCR values of =10.3 x lO_a/°C to -3.61 x lO_u/°C were characteristic for boat
temperatures in the range of 1500 to 1600°C. Correspondingly, the specific
resistivity varied from 6,000 to 1,000 microhm-cm. Values of TCR from -45 x
10-4/°C to -10.3 x lo-h/°C were obtained by varying the boat temperature in
the range 1,400 to 1,500°C. A plot of the resistivity versus TCR of this
species is included in Figure 21. It appears that the resistivity of this

species will be lower near zero TCR than that obtained for CrSi To re-

o
produce resistors of the titanium silicide species at a given TCR or resis-
tivity value, precision control of boat and substrate temperatures will be

required.
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The films exhibited excellent adherence to glass substrates and were
quite hard. Typical specimens were placed on aging at 125°C in air for a
minimum period of 1000 hours. Both unprotected and post-deposition baked
films were included in the aging studies. Two unprotected resistors with
resistivities in the range (0.5 < 1 < 5)103 microhm-cm increased in resistance
by 17 percent after 1000 hours of aging; whereas, similar films baked in air
at 300°C for 5 hours after deposition increased in resistance an average of
0.35 percent. In the unprotected state the resistors increased in value 1
to 20 percent during the initial TCR measurements where they were cycled to
125°C in air over a period of about 30 minutes. During the post-deposition
baking at 300°C, the resistance values increased by approximately 28 percent.
Figures 26 and 27 show the typical aging of the films.

It can be concluded from the aging data that post-deposition baking or
other methods of passivating, such as anodization, will be required for the
titanium silicide films, and that the films can be stabilized by baking in air.
The low aging of the post-baked films was about equal to that obtained for
similarly treated chromium siiicide films. However, the films were not as
resistant to oxidation in the unprotected state as were the latter.

6.9 Chromium Silicide-Titanium Silicide Films. Seven Chromium Silicide-

Titanium Silicide resistors were fabricated by evaporating a mixture of CrSi2

and TiSi2 powders. The powders were mixed in a 1:1 mass ratio. This was
placed in a masgsive copper crucible and melted with an electron beam. Evap-
orations were then made from the molten pool of the material. The seven
resistors were deposited during three successive evaporations with & beam
power of (2-3)KW, (3-3.5)KW, and 4KW, respectively. The same melt was used
for all three depositions and only a very small portion was evaporated.
Other fabrication details are listed in Table I.

A carbon coated copper electron microscope grid was placed adjacent
to resistors CrSi2 + TiSi2 -3 and 4 during the first deposition at (2-3)KW
of beam power. Electron diffraction analysis of the grid indicated a film

composition of CrSi only. There was no evidence of titanium or titanium

2)
silicide.
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+18 g
+16 b
+14 b
+12 |
= SPECIMEN: TiSi, -9
+10 2
L R-FILM FABRICATION DATE: 10/18/66
=z
< PROTECTIVE MECHANISM: None
o
w DATE:
Z PARAMETERS :
= +8
» INITIAL RESISTANCE: 135 ohms
e RESISTIVITY: R/sq = 135 ohms
p = =1 X 103 microhm - cm
INITIAL TCR: -5.85 X 107%/°C
+6
THICKNESS :
COMPOSITION:  TiSi, plus free i
AGING:
TEST OR TREATMENT DATE AR TCR
+4 - DURING AT END
TEST OF TEST
(FROM) __ (TO) (%) (10”4/°0)
TCR cycle #1 =30' to 125°C in +0.43
o (Includes AR
125 °C AIR STORAGE  For 1000 hours +17 of TOR MEAS)
0 ] L1 1 ]
2 12 22 2 12 22
NOVEMBER DECEMBER
DATE OF MEASUREMENT
. . . o, . . .
Figure 26. Resistance Aging at 125 C in Air of a Typical Unprotected
TiSi2 Film,
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RESISTANCE CHANGE (%)

SPECIMEN: TiSi2 -12

R-FILM FABRICATION DATE: 10/31/66

PROTECTIVE MECHAN!SM:
DATE: 11/1/66
PARAMETERS :
INITIAL RESISTANCE:
RESISTIVITY: R/sq
P

Air Bake

110 ohms
= 110 ohms

==1 X 1O3 microhm - cm

INITIAL TCR:  -5.13 X 10”%/°C
THICKNESS:
COMPOS I TION: TiSi2 plus free Si
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF JEST
(FROM)  (TO) (%) (10~"/%0)
Air Bake: o
300 °C 5 hrs 11/1/66 +29
+a
TCR cycle #1 =30' to 125°C in Air +0.09 (Before Bake)
125 °C Air Storage  For 1000 Hours +0.35
+2
o lepe—o—r——""%
| H 1 | |
2 12 22 2 12 22

DATE OF MEASUREMENT

Figure 27. Resistance Aging at 12500 in Air of a Typical TiSi2 Film
Post-Baked in Air.
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The resistive parameters of the films were definitely related tc the

beam power during evaporation. The dependence was as follows:

Electron Beam Power Average Specific Resistivity Average TCR
(Kw) (microhm-cm) (10-%/°C)
2 to3 3,560 -4 4
3 to 3.5 1,150 1.k
N 800 -3

Considering the possible distillation effects and the film analysis by
electron diffraction, it is believed that the CrSi2 + Ti812 films deposited
at the highest beam power had the highest content of chromium and titanium
with respect to the silicon; on the other hand, in the first two depositions
at lower evaporant temperatures, titanium was probably evaporated in considerably
less proportions with respect to the other components of the evaporant.

After deposition and initial measurements, two specimens, CrSi,. + TiSi

-6 and 8, were baked in air at 300°C for 4 1/2 hours; subsequent to tiis pro—2
tective measure, they were stored in the 125°C aging ovens for stability studies.
One specimen, CrSi2 + TiSi2 -9, was placed on aging without taking any pro-
tective measures. As indicated in Figures 28 and 29, aging of both the unpro-
tected and post-baked films was small indeed.

6.10 Chromium Silicide-Silicon Boride Filmg. Three resistors were

fabricated by evaporating a mixture of Cr312 and BuSi powders. The mixture

was 2 parts by mass of CrSi2 and one part BuSi. The charge was heated to
sublimation temperatures with an electron beam at a beam power of 1/4 to 1 KW.
Due to excessive spitting of the BuSi component the temperature could not be
increased to form a melt of the powders. Other fabrication details are listed
in Table I. The three resistors (CrSi2 + BhSi - 1, 2, and 3) deposited during
this evaporation had an average TCR of -2500 ppm/°C with an average resistivity
of 93,600 microhm-cm.

Because of the spitting of the BuSi component in the above charge, a
different approach was tried for melting the two compounds together. A quantity
of CrSi2 powder was pre-melted and the slug was placed on a bed of BuSi powder.
The CrSi2 was then melted by directing the beam to the slug; however, the melted
CrSi2 remained as a ball of liquid on top of the BuSi powder, and wetting of
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the BuSi powder could not be obtained in this manner. Stray portions of the
electron beam caused some spitting of the B)Si. Crsi, + B)Si - 4, 5, and 6,
were deposited in this manner. It appeared that very little if any, of the
BhSi was evaporated, and it can be seen in Table I that the resistive param-
eters of the films were essentially equal to those obtained for the CrSi2
series.

No further attempts were made to evaporate CrSi2 + BuSi mixtures be-
cause of the unsuccessful efforts to obtain a common melt of the compounds and
the excessive spitting of the BASi powders. It may be possible to obtain a
common melt by reducing considerably the proportion of BhSi in a powder mixture
of the materials.

Two films of the first series were selected for aging studies at 125°C
in air. One was placed on aging without any additional protective measures
and the other one was baked at 300°C in air prior to aging.

During 1000 hours of aging at 125°C, the unprotected film and post-
deposition baked film aged about equally well. Two unprotected films were
studied during the extended aging. One increased in resistance by 1 percent
and the other decreased in resistance by 2 percent. The film baked in air at
300°C for 4 1/2 hours prior to aging studies increased in resistance by 1
percent. Thus, for similar treatment the higher resistivity films of this
series aged slightly more than did the lower resistivity films of the pre-
viously discussed CrSig, TiSig, and CrSi2 + Ti812 series. The extended aging
at 125°C of the CrSi2 + BhSi species is represented in Figures 30 and 31.

6.11 Comments on the Silicide Series. It is interesting to compare

films of the CrSi2 + TiSi2 series with the chromium silicide series and titanium

silicide series. A film composition of Cr,Si was obtained for CrSi, evaporated

from tungsten boats at temperatures of abozt 1350°C, and a strong ciromium
composition was obtained for CrSi2 evaporated from the melt by an electron
beam at 2.6 KW. On the other hand, a film composition of CrSi2 was obtained
for the first deposition of CrSi2 + TiSi2 at an average beam power of 2.5 KW.
Hence, it may be seen that the addition of TiSi2 to the Cr512 resulted in a
product which was composed largely of CrSi2 in spite of the high source

temperature.
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SPECIMEN: CrSi, + TiSi. -9

2 2
R-FILM FABRICATION DATE: 11/28/66
PROTECT!VE MECHANISM: None
DATE:
PARAMETERS :
INITIAL RESISTANCE: 563 ohms
RESISTIVITY: R/sq = 56.3 ohms
p = =800 microhm - cm
INITIAL TCR: -2.86 X 107%/°C
THICKNESS :
COMPOSITION:
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM) __ (TO) (%) (107%/°c)
oy TCR cycle #1 =30" to 125°C in -0.18
— AIR
A3
L On 4
o 125 7C Air Storage For 1000 hours -0.1
<
T
E +2 (Reference point is Val. before TCR cycle)
O
=
<C
-
L
w
wl
o
o) [
| | 1 | ]
29 9 19 29 8 18
NOVEMBER DECEMBER JANUARY

DATE OF MEASUREMENT

Figure 28. Resistance Aging at 12500 in Air of a Typical Unprotected

CrSi2 + TiSi2 Film.
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RESISTANCE CHANGE (%)

SPECIMEN: CrSiZ + TiSi2 -8

R-FILM FABRICATION DATE: 11/28/66

PROTECTIVE MECHANISM: Air Bake
DATE:

PARAMETERS:

INITIAL RESISTANCE: 598 ohms
RESISTIVITY: R/sq = 59.8 ohms

p =2800 microhm - c¢cm
INITIAL TCR:  -3.1 X 107%/°C

DATE OF MEASUREMENT

THICKNESS :
COMPOS I T1ON:
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM) _ (TO) %) (107%/%)
Air Bake: o
300 °C 44 hrs 11/29/66 -2.29
TCR cycle #1 =30" 1o 125°C in -0.17 (Before Bake)
AIR
+4 -
125 °C Air Storage For 1000 hours +0.3
+2
0 Lemett—2] MR ]
29 9 19 29 8 18
NOVEMBER  DECEMBER JANUARY

Figure 29, Resistance Aging at 12500 in Air of a Typical
CI‘Si2 + TiSi2 Film Post-Baked in Air.
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In addition, the generally higher film resistivity of the CrSi, + TiSi

2
mixture may be observed in the data. For instance, from Figure 21 and Table

2

V, the resistivity of the CrSi2 series was 1,600 microhm-cm at a TCR of

bk ox 1o'u/°c; hence, the latter resistivity is slightly less than half that
of the films of the Cr812 + TiSi2 series for the same value of TCR. The
resistivity of the TiSi2 series at this TCR is about 800 microhm-cm (a pro-

jected value of Figure 21) compared to about 3600 microhm-cm for the CrSi. +

2
T1312.
The evaporation methods and relative ease of evaporating CrSig, CrSi2 +
TiSie, and TiSi2 can be profitably compared. Cr812 and TiSi2 were readily

sublimated from tungsten boats at temperatures slightly below their respective
melting points of 1425°C and ~ 1500°C. From these evaporations it was apparent
that the TCR and resistivity values were dependent on boat temperature. Attempts
to evaporate CrSi2 and Ti812 at or above their respective melting points from
tungsten boats were not successful. Upon melting, the CrSi2 quickly reacted

with the boat and destroyed it. As the melting point of the TiSi. was ap-

2

proached, excessive spitting of the powder occurred. Both Cr812 and CrSi2 +

TiSi2 were evaporated from melts of the respective charges with the electron
beam gun, and again it was evident that composition, TCR, and resistivity were

dependent on the evaporant temperature. Since CrSi, destroyed tungsten boats

2
at or above their melting points, it was assumed that the same thing would

occur with CrSi2 + TiSi,. Because of excessive spitting of powdered charges

of TiSi2, it could not ie evaporated readily with the electron beam gun.
Though only a few depositions were made for each of the materials, it
was evident that reproducibility of resistive parameters can be maintained by
controlling the evaporant and substrate temperatures during deposition.
A minimum substrate temperature of 400°C is recommended for all three
materials. To evaporate CrsSi

2
be used to produce films with TCR values ranging from -800 ppm/°C to +200

» either a tungsten boat or electron beam can

ppm/°C. To obtain CrSi2 + TiSi2 films with TCR values in the range of ~500

ppm/°C to -100 ppm/°C, electron beam evaporations are recommended. A tungsten
boat is satisfactory for sublimating T1812 to fabricate film resistors with
TCR values in the range of -5,000 ppm/°C to =500 ppm/°C. The resistivity of

films prepared from either of the materials was much higher than that which
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can be obtained from elemental metal films. Another variable in the evaporation
of CrSi2 + ’I'iSi2 that will affect the resistive parameters of the films is
the mass ratio of the constituent compounds in the powdered mixture. This
ratio was not intentionally varied during this research.

The aging of the CrSi2 + TiSi2 was very low, being quite similar to
the CrSi2 series. The summary of aging during post-deposition baking appears
in Table II. Aging at 125°C is summarized in Table ITII. The higher resis-
tivity of the chromium silicide-titanium silicide mixture leads to a preference
of this material over CrSi2 or TigSi, for resistor application, see Table V.

2
7. Films of Niobium and Titanium Nitride

A few films of niobium nitride and of titanium nitride were prepared.
The preparation details and parameters of the films are given in Table I
(Appendix). The films of niocbium nitride gave resistivities in the range
2900 to 6600 microhm-cm and TCR values of -360 to -570 x 10'6/°C. The molten
material destroyed the tantalum boat in only a few evaporations.

Nine films of titanium nitride were prepared. The maximum resistivity
obtained was about 2070 microhm-cm with a negative TCR of -T40 x 10—6/°C.
The data obtained are plotted in Figure 32. It is evident that neither of
these materials compare well as resistive materials with some of the previously
discussed ones such as Cr + SiO.

8. Film Aging Studies

As noted in Section II A 3, films were subjected to certain annealing,
passivating, or overcoating technique in corder to improve their aging properties.
The effects of post-deposition baking on the resistive parameters are shown
in Table II A of the Appendix and are summarized in Table II. As discussed
in Section II A 4, the resistance parameters of selected resistors were mon-
itored during extended periods of storage in air at 125°C, and the resultant
data were recorded, tabulated and analyzed. A change in resistance of less
than 1 percent after 1000 hours was considered excellent. A few films pre-
pared early in the program were aged at 125°C for only a few hours, and dur-
ing TCR measurements all specimens were cycled to 125°C in air. The aging at
125°C in air is summarized in Table IITI.

In general, aging increased with increasing resistivity for a given
species of films. For this reason, the variously treated materials can be

best compared in Table III by considering common resistivity ranges.
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RESISTANCE CHANGE (%)

SPECIMEN: CrSiZ +B4Si
R-r LM FABRICATION OATC
PROTECTIVE MECHAN{SM:
DiTE:
FARAMETERS::
INITHAL RESISTANCE:
RESISTIVITY: R/sq

i}

-2

None

1

1,448 ohms

1,145 ohms

p = =93,600 microhm - cm
INFTIAL TCR:  -725.2 X 107%/°¢
THICKNESS :
COMPOS I TION:
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
w L TEST OF TEST
(FROM) (TO) (%) ot/ o)
TCR cycle #1=30" 10 125°C in +0.61
ALR
+4 o) .
125 7C Air Storage For 1000 hours +0.9
+2 b=
° [ ]
0 ] ] i 1 1
29 9 19 29 8 18 23
NOVEMBER  DECEMBER JARUARY
CATE OF MEASUREMENT

Figure 30. Resistance Aging at 125OC in Air of a Typical Unprotected

Cr812 + BhSi Film.
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+6 |

+4 b

RESISTANCE CHANGE (%)

0

SPECIMEN: CrSl2 + B4S| -1

R-FILM FABRICATION DATE: 11/23/66

PROTECTIVE MECHANISM: Air Bake
DATE:
PARAMETERS:

INITIAL RESISTANCE: 15,471 ohms
RESISTIVITY: R/sq = 1,547 ohms

P
INITIAL TCR:  -25 X 107%/%
THICKNESS :

=93,600 microhm - cm

COMPOS | T1ON:
AGING:
TEST OR TREATMENT DATE AR TCR
DURING AT END
TEST OF TEST
(FROM) (TO) (%) (1074/°0)
Air Bake: o
300 °C 44 hrs 11/29/66 +0.71
TCR cycie #1 230" to 125°C in +0.5 (Before Bake)
AIR
125 °C Air Storage For 1000 hours +0.9

i ! L

29
NOVEMBER

Figure 31.

19 29 8

DECEMBER J ANUARY

DATE OF MEASUREMENT

CrSi. + BhSi Film Post-Baked in Air.

2

T2

Resistance Aging at 12500 in Air of a Typical




SPECIFIC RESISTIVITY (MICROHM - cm)

102
- —
SPECIMENS: TiN-1A-A, TiN-IBvA, TiN-2A-A, TiN-2B-A, .
TiN-3A-A, AND TiN-3B-A
— SUBSTRATE: Soft Glass (Microscope Slide) T
EVAPORATION: Substrate Temperature 450 °c
B Source - W Boat -6 T
Pressure - Initial was 5 X 10 Torr, Increased
to 1 X 1074 Torr during Evaporation
[~ FILM THICKNESS RANGE: 350A° to 750A° h
10
-10 -8 -6 -4 -2 0 +2 +4

TEMPERATURE COEFFICIENT OF RES!ISTANCE (10_4/00)

Figure 32. Specific Resistivity vs TCR of Evaporated Titanium
Nitride Films.
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The relation between aging rate and resistivity for a given material is
best illustrated by Figures 33 and 34 for chromium-silicon monoxide films in
unpassivated and passivated states and in Figure 35 for films of manganese-
silicon monoxide in similar states. The superiority of the passivated Cr +
$i0 films above the other varieties is remarkable and changes of only a few
tenths of a percent were noted for films of lOLP microhm-cm after 1000 hours
at 125°C., Comparatively, the Mn + Si0 film changes were large even after the
films were protected by an overlayer of silicon monoxide.

Aging of the Boride and Siliclde films were discussed in section II B,
6 in the respective discussion for each material studied. Typical changes in
resistance with time are shown in Figures 22 through 31. Of particular interest,
was the similarity of behavior of the CrSi2 films during extended aging to
that of Cr + Si0 films. With respect to aging, the silicide films were, es-
sentially, as good as the Cr + 35i0 films; that is, except for TiSig, where
this was true only after post-baking. With respect to the silicides and Cr +
310, niobium boride films aged poorly.

9. Structures of the Films

Selected specimens of the various films were examined by electron
diffraction and microscopy and by x-ray diffraction. Entries have been made
in Table I (Appendix) in the column headed "composition" for the films exam-
ined.

For some materials it will be observed that where a single compound was
evaporated from the source, it was partially reduced and the diffraction rings
df the free metal usually appear in the electron diffraction pattern. An
extreme example of this occurred in the case of nickel boride resulting in a
specimen with low resistivity and a high positive TCR. Here the film specimen
must have been essentially the metal, nickel. On the other hand, for niobium
boride no clearly defined diffraction rings were obtained, indicating the
amorphous nature of the compound which is also reflected in the high resis-
tivities and large negative TCR values measured. Most materials fell within
these extremes and the near amorphous structures of films with desirable elec-
trical properties made diffraction pattern interpretation difficult for many

of the specimens prepared.
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Where two components were evaporated simultaneously such as in the cases
of the various metals co-deposited with silicon monoxide, a behavior generally
similar to that for the case of single compounds was obtained with the addi-
tional complexities added by the elements of the second compound.

Investigations of films of Al + Si0O, Cu + 8i0, Cr + Si0 and Mn + SiO
exhibited behavior generally similar to those described for the single compound
evaporation. An example of the electron diffraction pattern of a film, Mn +
8i0 -12C, of low resistivity (1000 microhm-cm) and slightly positive TCR
(+72 x 10-6/°C), is shown in Figure 36 with a portion of its micrograph
(19,480x) shown beside it. The diffraction pattern exhibits the lines of «
manganese and the micrograph displays particles randomly scattered through a
more uniform interparticle matrix. The data for Mn + Si0 -20C, a film of high
resistivity (150,000 microhm-cm) and a TCR of -1220 x 10_6/°C displays a much
more nearly amorphous pattern and a film of little texture as shown in Figure
37. The diffraction pattern, however, did have discernible lines of o manganese.

Because of their relative importance a more detailed study of Cr + SiO
films was made by both electron and x-ray diffraction methods. These films

may have within them 31, 810, Si02, Cr, or Cr leading to very complex

2%
structures. Details of an investigation of these films by members of our
Diffraction Laboratories are reported below.

A1l the specimens were investigated by reflection electron diffraction
and by x-ray diffraction technigues.

The obtained diffraction patterns consist - except for the chromium
film - either of very weak or very weak and broad peaks. The error in the
determination of the d-spacings is therefore probably high. It also seems
that the experimental results can only be explained with the assumption of
several chemical reactions during the evaporation process of the films. The
reaction

2 810 2 Si + Si02
is possible as well as the reactions
2 Cr + 3 8i0= Cr205 + 3 81

and

hY cr + 3 Sio5 =22 Cr205 + 3 8i
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The formation of Cr205 is suggested by its rclatively hi ]
of about 266 kcal/mol (Si0: 103 kcal/mol, Si02(a—quartz): 201 kcal/mol). The
formation of CrESi and higher or lower oxides of the chromium cannot be ex-
cluded. TFor the interpretation of the experimental data, however, only the

relatively stable compounds Cr,.0O., and 8i0_(w-quartz) and necessarily also Cr
¥ > y )

Si and Si0 were considered. Tiejresults are presented in Table IV.

More reliable measurements of d-spacings would probably be obtained by
transmission electron diffraction. For precise determinations by x-ray dif-
fraction techniques thicker deposits would be desirable.

Of the films examined, films Cr + Si0O 15C and 16C exhibited the more
desirable electrical properties of about lOu microhm-cm and a TCR not greater
than + 200 ppm/°C for a film at least 1000 angstroms thick. For these films
the presence of Cr, Si, Cr205, and SiO2 appeared possible in both cases.

It is evident that in the resistivity and TCR ranges of interest the
near amorphous nature of the film interferes with structure determination and
the discrimination of the diffraction methods is insufficient to predict re-
sistivity except in the general zone to be expected, i.e., low, intermediary
or high. Similarly for TCR values predictions of strongly positive, near zero
or highly negative could be expected. Although the methods lack precision for
this purpose compared to the electrical method, the structures observed varied
in accordance with the electrical properties of the materials exhibited in a
manner that one would expect. Much more extensive and precise diffraction
measurements undoubtedly would present an even better correlation of these
two methods of measure. However, these further investigations appeared of
little benefit to the objectives of the current research.

10. Analysis and Summary of Film Property Measurements

The extensive number of films examined and the large variety of film
materials studied presents an extensive variety of data to be assembled,
organized, and evaluated. In Tables I, IT A, and III, detailed data concern-
ing all films fabricated, measured, and aged have been reported. In Table V
of the Appendix, film fabrication methods and parameters have been summarized.
Along with the data reported in the various preceding figures certain con-

clusions have been formulated and these are recorded hereinafter.
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TABLE IV

ELECTRON AND X-RAY DIFFRACTION ANALYSIS OF Cr + SiO FIIMS AND A
COMPARISON OF THEIR ELECTRICAL PARAMETERS

A. X-ray and Electron Diffraction Information

Sample Material as indicated by Material as indicated by
reflection electron diffraction x-ray diffraction
¥)
Cr Cr Cr
. . ¥¥)
8i0o - 29 Sio 810
. . , . FHK)
Si0 - 32 - Si or SlO2
Cr + Si0 -8 - C S5i0, Si or Cr203 $10,, Cr or Cr203
Cr + Si0 - 11 - C 8102, Si or Cr203 8102, Si or Cr203
Cr + 310 - 13 - C 8102, Cr or Cr203 Si0, SlO2
Cr + 510 - 15 - C Cr, 81 or Cr203, SlO2 Cr, Cr203, Si or SlO2
Cr + 8i0 - 16 - C Cr, possibly Cr203 -
Cr + 510 - 17 - C Cr, Cr203, Si or SlO2 Cr, possibly Cr203

Strong preferred orientation with (111) as fiber axis. No other
orientation present.

*%
) See also: Grube, G. and Speidel, H.: Z. Elektrochemie 53.399 (1949).
KX
) Modification assumed to be a a-quartz.
B. Electrical Parameters
. . e TCR
Specimen No. Thickness Resistivity Lo
(Angstroms) (micro-ohm cm) (1077 /"¢
13 ¢ 814 742 x 106 -37.9
8 ¢ 3552 3.42 x 106 -30.9
11 ¢ 2204 2.77 x 10° -16.9
17 ¢ 2280 9.87 x 1o2+ - 8.04
16 ¢ 1580 1.7 x 10” - 1.87
15 ¢ 1630 9.95 x 10° - 1.01
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The following speci

¢ the meost cutstanding for film

resistor application demanding low magnitude of TCR and high stability. Films

for these species, baked in air, aged less than 1 percent in resistance value

on the 1000 hours aging tests.

Cr + Si0 - high resistivity--better method of deposition desirable

in order to obtain uniform coatings of predictable

registivity.

CrSi2 ~ Of those investigated - the silicides were the easiest

CrSi2 + TiSi compounds to evaporate from a single source. Though a

2

TiSi2 specific process for producing films with known char-

acteristics was not developed, initial experience indi-

cates that controlled depositions are possible with less

difficulty than with Cr + SiO.

The films discussed subseguently show some promise as resistors. Long

term aging and preferred methods of stabilization were not determined. It was

obvious from instability during TCR measurements that some form of passivation

would be required.

Zr-zirconium oxide

Very slow deposition ( < 100 A/sec) in the 1077
torr range at substrate temperatures of about
450°C or by more rapid evaporations of Zr in
oxygen at low pressures produced high resis-
tivity films. Oxidation by the latter method
was difficult to control. It appeared that
significant oxidation occurs in the lower 107
range for all species evaporated in O2 and that
the range of pressures for controllability is
rather small. Around 5 x lO_u torr there
appeared to be an avalanche reaction rate and
films were nearly completely oxidized. To
obtain high resistivity films in the lOu microhm-
cm range, the avalanche conditions had to be
approached too closely for reliable results.

Unprotected films aged rather poorly during TCR
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measurements and after 4 to 7 hours at 125°C.
Some of this poor performance can be attributed

to the films being very thin, well below a
desirable thickness of 500 ﬁ.

Zr O2 - Highest resistivity obtained for any species at
small negative TCR values of about - 500 ppm/°C.
Aged poorly during TCR measurements even though
films were thick.

Poor aging during TCR measurements indicates that films of Zr and ZrO2
do not form an oxide layer that is as protective to the material as do films
with Si or SiO2 components. Thus, possible improved protection may be realized
by overcoating the Zr-ZrO2 specimens with SiO.

Properties not investigated but which need to be to determined in order
to define the full utility of the films investigated as resistors are:

Noise characteristics,

Thermoelectric properties,

Light sensitivity,

Voltage coefficients or sensitivity,

Pressure sensitivity, and

Aging characteristics under load.

11. Experiments to Increase Film Uniformity and Control

11.1 Introduction: One of the principal problems in production of

resistive elements in a circuit is uniform thickness deposition and a uniform
composition of a compound film over a desired substrate area such as 2" x 2".
Since one of the most desirable compounds studied was one requiring the dual
evaporation of chromium and silicon monoxide at controlled rates and to a
desired resistivity, sources for the deposition of this compound were studied
in some detail and are described fully in the subsequent paragraphs.

11.2 Dual Source for BEvaporating Cr and Si0: The chromium-silicon

monoxide cermet films were excellent from the standpoints of stability and
high resistivity at low magnitude of TCR. However, the ability to fabricate
films at pre-selected resistivity or TCR values in successive batch quantities
was exceedingly difficult. This difficulty was encountered particularly in

the evaporation of the materials from a common grain box source, R. D. Mathis
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type ME-1. From past experience, the technique of flash evaporating mixed
powders was also considered unsatisfactory as a production process. Hence,
attention was directed toward designing an evaporation source for reliably
producing resistors of this species. It was desirable that such a source
provide the following:

(1) Uniform mixing of the vapors of the two materials before or upon

arrival at the substrate surface,

(2) Controlled proportional mixing of the Cr and SiO vapors,

(3) Uniform deposits over a relatively large substrate area of at

least 2" x 2",

(4) large capacity or relatively constant emission characteristics

for long term application in successive batch depositions, and

(5) Simple operation and economical.

Although desirable, a common source design meeting the general require-
ments was not conceived at this time; the primary limitation was the large
difference between the vapor pressures of Cr and Si0O. Any improvement on the
initial method was considered worthwhile, so a dual design was considered.

A source other than the usval tantalum grain box source for evaporating
8i0 was desired. Graphite cloth¥* was tested and found satisfactory for Si0O
but not for chromium. In these tests, separate evaporations in high vacuum
of chromium and Si0 from and through densely woven graphite cloth were made.
The respective materials were wrapped within the cloth in such a manner that
they were completely enclosed. The cloth was electrically terminated and was
heated to the desired temperature by the passage of current. Due to reaction
with chromium the cloth was unsatisfactory as a source material. On the other.
hand, it proved to be quite satisfactory for the evaporation of Si0. o
adverse reaction between the SiO and carbon was detected from a visual in-
spection of unevaporated SiO and the cloth; however, silicon atoms resulting
from any disassociation of the evaporant at the source may react with the
graphite cloth and remain on the source as the less volatile compound silicon

carbide.

* The use of graphite cloth as a heater for evaporants, particularly S$iO,

originated at Georgia Tech on another project, Contract No. NAS8-20577.

85



The SiO films deposited in this manner exhibited the usual brownish
color and possessed good dielectric qualities. Wrapping the Si0O within a
dcuble layer of the cloth prevented the spitting usually associated with the
evaporation of §i0. The graphite cloth has a resistivity of about 1/2 ohms
per square and requires a relatively low current compared to commonly used
metal filament sources for a given source temperature. The material thus has
several advantages over the commonly used tantalum chimney and box sources
for the evaporation of SiO.

Chromium can be evaporated quite satisfactorily from tungsten boats,
so a design employing two parallel tungsten boats along side a planar graphite
source was selected. The graphite cloth source was 1.5" x 1.5" area and
centered between but slightly below the boats with respect to the substrate.
The arrangement and geometry of the sources are illustrated in Figure 38. The
Si0 source was loaded with 20 grams of Si0O particles ranging from 10 mesh to
pea size. Approximately 4.5 grams of chromium pellets were placed in each of
the chromium sources for a total load of 9 grams. Evaporations were made with
the source "A" to substrate geometry of Figure 39. During evaporations the
two chromium sources were operated in parallel at a total current of 220
amperes and the S10 source at 55 amperes in order to obtain film resistivities
of about 10,000 microhm-cm. Intense heat radiation from the sources caused
considerable degassing in the vacuum chamber. As a result of this and the
low pumping capacity of vacuum system "C", evaporations were made in the 1 x
10" torr range. Considerable oxidation of both the chromium and silicon
monoxide can occur in the 1 x lO-u torr range. This is particularly true for
pressures exceeding 5 x lO-h torr. (Essentially complete oxidation of SiO
and Cr occurred in pressures of oxygen greater than T x lO-u torr in other
phases of the program.) To maintain the pressure in the lower half of this
range for the total deposition period of 10 minutes it was nécessary to
interrupt the evaporation for pumping intervals and two to three successive
deposition cycles were required. Before deposition of the resistive films,
the source was operated with the substrate shutter closed to aid in degassing
the vacuum chamber. During these periods the pressufe increased to the upper
limit of the 1 x 10-4 torr range. At the higher pressures some oxidation of

the graphite cloth occurred, and its electrical resistance gradually increased




TUNGSTEN BOAT, R.D. MATHIS TYPE
S-27, .005 W, EACH SOURCE LOADED
WITH =4.5 GRAMS OF Cr GRANULES OF
3~4.5 mm

13/4

e 1/2——|

TOP VIEW

_J
GRAPHITE CLOTH TAPE SOURCE, DOUBLE
LAYER, UNION CARBIDE GRADE WCB.
| 1/2 X 1 1/2 X 1/4 CAVITY HOLDS

APPROXIMATELY 20 GRAMS OF Si0
PARTICLES, 10 MESH TO PEA SIZE

END VIEW

(Dimensions are in Inches)

Figure 38, Experimental Dual Source for Co-Evaporation of Cr and 5iO.
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vith time. Gilicon monoxide vapor reaction with the graphite source probably
contributed to an increase in resistance, as well. The reaction with chromium
vapor from the chromium sources 1s legs likely. A contact metal transmission
mask was placed in front of the substrate to form 6 resistors on each substrate
simultaneously. The substrate dimensions were 2" x 2" x 1/32". ILocations of
the resistors on the substrate are shown in Figure 40. Measurements of resis-
tance, TCR, and thickness were made to determine uniformity of characteristics
over an area corresponding to an average maximum radius of 5/&" with respect

to the center of the substrate.

5 to 1.7 x 108

The resistivity of the specimens ranged from 6 x 10
microhm-cm. TCR values for a given resistivity were in general agreement with
those of Figure 16 obtained with the grain box source. The resistivities were
calculated from the R/sq and thickness values of each film. The thickness for
each resistor was determined by taking the average value of measurements made
at two positions on the film; these were made on opposite edges near the mid-
point of each resistor. The mid-points of resistors 2 and 3, M and 5, and 1
and 4 are located at a substrate radius of 0.25", 0.56", and 0.75", respectively.
Average thickness and resistivity values were obtained for each radius by
calculating the mean values of respective resistor pairs. The thickness
variation of Cr + SiO films on two substrates are shown in Figure L41-b. Values
were normalized for a value of 1 at a radius of 0.25". The thickness of
specimen No. 6 increased 61 percent at a radius of 3/4" with respect to the
projected value of a film at the y intercept, or zero radius. This specimen
showed the greatest variation in both thickness and resistivity. Specimen No.
8 had the least variation in thickness and resistivity. Corresponding values
of other specimens lay between the limits of specimens No. 6 and No. 8. Since
resistivity values increased in a similar manner across the substrate, it was
suspected that Si0 enrichment of the composite film occurred with increasing
radius. To determine if this were true, separate evaporations were made with
the chromium and SiO sources. For the chromium deposition, each resistor
element lay in the thickness range 2030 * 30 L. Hence within the accuracy of
measurenmnents the chromium film was uniform. Two Si0O specimens were deposited.

One was deposited with the chromium sources energized but empty to simulate
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the conditions for depositing the composite fiims; the other specimen was

deposited with the chromium source off. The thickness variation of these film

wn

ct

are shown in Figure 4l-a. The thickness of both films increases positively with
respect to the radius; however, that of the film deposited with the chromium
source on increased to a greater extent and more rapidly with incrasing radius.

Si0 depositions were made with a Si10 source similar to that of source
"A" of Pigure 39 but with a source to substrate geometry as indicated in source
"B" of Figure 39. In the source "B" arrangement, every point of the substrate
is not in 1line of sight with every point of the source due to stopping effect
of the aperture; also, the substrate to source distance was less. With source
"B", a film thickness distribution was obtained that decreased in thickness
with increasing substrate radius per Figure 42. Thus effects of the aperture
as a stop between the source and substrate and the source to substrate distance
are quite evident by comparing the results in Figures 41-a and L2,

A stop with a square aperture measuring 1" x 1" was installed between
the graphite source and the chromium source of source "A" of Figure 39 to
study its effects of film uniformity. The source to substrate geometry and
stop location are sketched in Figure 43. Effects of the stop on uniformity of
film thickness and resistivity were determined as previously discussed.

Average thickness variation obtained for Si0 films deposited with the
stopped source is shown in Figure 4b-a. The increase in thickness of about
10 percent for a zero to 0.75 inches radius is much smaller than the increase
of 17 to 60 percent obtained for the source operated without a stop. Hence,
definite improvement in Si0 thickness uniformity control was obtained with the
stop.

Co-deposition of Cr and Si0 were made with the stopped source. The
lower curve of Figure 44-b shows the averaged variation in thickness obtained
for these films. Comparing this curve with that of specimen No. 8 of Figure
41-b, it can be seen that the decreasing thickness with increasing radius above
0.56 inches was in opposite sense to that obtained for the source operated
without a stop. This resulted in a lower overall thickness variation for the
stopped source. The upper curve of Figure 4L -b was the corresponding average

variation in resistance with radius of resistance values of the six resistors
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Figure L2. Uniformity of Si0O Films with a Stop Between the Substrate
and Source.
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2 X 2 SUBSTRATE

TUNGSTEN BOAT SOURCES FOR
EVAPORATING Cr, R.D. MATHIS
TYPE S-27-.005W

I

=3/4

SHEET METAL STOP WITH 1 X 1
APERTURE (MATERIAL - Mo)

GRAPHITE CLOTH SOURCE FOR |t—— RADIATION SHIELD

EVAPORATING Si0, 1 1/2 X
1 1/2 X 1/4

(DIMENSIONS ARE IN INCHES)

Figure 43. Source "A" to Substrate Geometry with Stop.
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on four different substrates. TICR values of these films were quite low in
magnitude; both small positive and small negative values occurred on each
substrate within the range of * 100 ppm/degree Centigrade; furthermore, the
TCR values shifted in the negative sense with increasing radius. Thickness
measurements indicated that the resistivity variation was not due solely to
variation in Si0 concentration. Hence, 1t appreared that major factors in
addition to variations in SiO concentration were contributing to variations
in resistivity over the substrate surface.

Thickness of Cr deposits were uniform within the accuracy of thickness
measurements, yet, the resistivity of Cr films increased with radius similarly t
to the Cr + 810 films. As a result, non-uniform heating of the substrate dur-
ing deposition was suspected as having a primary influence on uniformity of resigs-
tivity and TCR values. To determine the significance of non-uniform heating
on uniformity of electrical characteristics over the substrate surface, measure-
ments of resistance values were made of chromium film resistors deposited on
room temperature substrates; substrates heated with a graphite cloth source,*
see Figure 4, to a reference temperature of 400°C; and substrates heated to a
temperature corresponding to a temperature of 300 to 350°C of an aluminum plate
in direct contact with the substrate. In the latter case, the aluminum plate
was heated with the graphite cloth source and the temperature of the aluminum
plate was determined from a thermocouple clamped to the aluminum plate with a
screw. The aluminum plate was equal in length and width to the substrate and
was 1/8 inches thick.

With the Cr sources spaced l-5/h inches apart, Cr deposits were made
at each of the three substrate heating conditions; these results are shown in
Figure 45. For Specimen No. 12 the substrate was heated with the regular
graphite cloth source to the reference temperature of 400°C; this corresponds
to the substrate heating used on the specimens of Figures 41 & Lh4. The resis-
tance variation shown in Figure 45 is similar to that obtained for the Cr +

Si0 films in Figure 4l-b. The corresponding average thickness variation

*
The graphite cloth substrate heater was used as the substrate heater for the

Cr + Si0 and Mn + Si0 film resistors fabricated early in the program to determine

the resistivity versus TCR characteristics of Figures 16 and 19.
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obtained for specimen No. 12 is also shown in Figure 45; the 10 percent var-
iation is within the error of measurements, and it cannot be said definitely
that the point at a radius of 0.25 inch is actually thicker than the other
measured values. It is quite evident, however, that a large part of the var-
iation in resistivity is independent of variation in film thickness. The re-
maining plots of Figure 45 clearly show that non-uniform heating of the sub-
strate is a primary factor contributing to the variation in resistivity of
chromium resistors over a given substrate surface. The lowest variation in
the averaged resistance of * 2 percent was obtained for the substrates heated
with the aluminum plate; whereas, the maximum variation from the mean value of
resistance of the six resistors on each of these two substrates were * 6.6
percent and * 3.8 percent, respectively. For those substrates heated with
aluminum plate it appears that the temperature was still somewhat higher in
the center of the substrates compared to the outer sections.

With the source and source to substrate geometry of Figure 43 chromium
depositions were made with the chromium sources spaced 1", 1-3/4", and 2-1/3"
apart. DNo significant difference in variation of film resistivity over a
substrate radius of B/A inch was obtained for the respective spacings. A
maximum variation in resistivity of * 7 percent over a substrate radius of
3/& inch was obtained for each condition. In each case the substrate was
heated with the aluminum plate substrate heater equal in length and width to
the substrate.

A copper plate was substituted for the aluminum plate to heat the sub-
strates, and the aperture of the stop in Figure 43 was increased to 1-1/8" x
1-1/8". 'Maintaining the source to the substrate geometry of Figure 43 and with
the slightly larger aperture, co-depositions of Cr and S10 were made with the
copper plate substrate heater at 350°C. For six separate depositions where
the TCR values ranged from -2 X lO_h/°C to -0.3 x lO_u/°C, the average vari-
ation obtained for the six resistors of the substrates was * 4.4 percent of
the average resistance. The lowest variation obtained between the six resis-
tors for any one substrate was * 1.7 percent from the average value, and the
maximum variation from the average on any one substrate was * 9.8 percent.
The resistance values were normalized for a radius of 0.25 inch, as was done

in Figure L5, for each of the substrates; and averaged normalized variations
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of 1.00, 1.01, and 1.02 at the r tiv
were obtained. From the measured resistivity versus TCR characteristics of

Cr + S10 films, the resistivity values represented in these calculations

ranged from (1 to 2)lO+ microhm-cm. At higher resistivities, greater vari-
ation of resistance between the resistors on a given substrate was experienced.
The variation between the six resistors from the average value was * 44 per-
cent for a typical substrate with resistors having a TCR of approximately

-30 x 1o'u/°c.

These data demonstrated that with a metal plate substrate heater and
with the preceding sources and source to substrate geometry, the average vari-
ation in resistance of Cr + S10 films of resistivities near 1 x lO+u microhm-
cm over a 3/4 inch substrate radius was * 5 percent. Two-thirds of the six
substrates had less variation, and one-third had variations between * 5 and
+ 10 percent. TCR values could be reproduced fairly well during successive
evaporations by manually maintaining constant source currents with a variac.
However, precision instrumental control of the source temperatures will be
necessary to gailn desired control on the resistive parameters. Evidence from
about 50 evaporations indicated that the vapor output characteristics of the
sources remained fairly constant for at least 2 hours of operation. Thus, a
dual source arrangement similar to that of Figures 38 and 43 with appropriate
stopping and temperature control promises to be useful for evaporating chromium-
silicon monixide resistors with average tolerance requirements of 5 to 10 per-
cent. Tt is suspected that temperature variations over the substrate surface
and the relatively high vacuum pressures of (1 to M)lO_u torr during the
evaporations contributed considerably to the magnitude of the non-uniformity
of the film parameters.

Further improvements in uniformity of the resistive parameters over
large area substrates can possibly be realized by maintaining vacuum pressures
within the 10-6 torr range or better during evaporation processes. In addition,
attention must be devoted in the future to maintaining uniform substrate
temperatures. The latter can be achieved by improved methods of substrate
heating; an easier way, may be to select substrate materials with greater heat
conductivity than that afforded by glass. The importance of maintaining

uniform substrate temperatures cannot be over emphasized.
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ITT. CONCLUSIONS AND RECOMMENDATIONS

Of the series of selected materials examined (metal-metal oxide, metal-
silicon monoxide, borides, nitrides, silicides, and some combinations of the
borides and silicides) the chromium-silicon monoxide films gave most con-
sistently the required resistivity range of lOLL microhm-cm, * 200 x 10-6/°C
TRC, and displayed the least aging. Experiments on a dual source system for
evaporating chromium and silicon monoxide, employing a diaphragm arrangement
to control vapor deposition rate and distribution, proved capable of giving
uniform deposits over a circular area of 1.5" diameter. An additional variable
controlling resistivity was the temperature and the uniformity of the substrate
heating at the time of deposition. Heated aluminum or copper supporting
plates in contact with the substrates were found to be better than radiant
heating with graphite cloth in distributing the heat uniformly over glass
substrates. With the controls utilized, resistance variation of individual
resistors of £ 2 to 10 percent were realized at resistivities of 1 to 2 x 10
microhm-cm over the substrate area. Some improvement may be expected with
instrumental control of source temperatures or rates, better heat distribution
at the substrate, and lower vacuum background pressures.

Resistive films of CrSig, Tisi and CrSi, + TiSi2 gave some promise as

5
materials evaporable from a single soirce. Howeier, resistivities, in general,
were in the range 500 to 2000 microhm-cm, well under the target value of 10
microhm-cm.

Filmg deposited by evaporation of oxides or of metals in oxygen at low
pressure were found to give films ranging from very high resistivity and high
negative TCR values to films with essentially metallic type behavior, and the
process was difficult to control. Of the metals or metal oxides examined
zirconium evaporated in oxygen at low pressure produced films with the best
properties, a resistivity of 2400 microhm-cm at a TCR of -88 x 10_6/°C was
obtained for one film. Examination of films of Zr-SiQ appears to be a profitable
future course.

With respect to aging the Cr + Si0 films displayed excellent performance,
exhibiting changes of < 1 percent in 1000 hour test periods. To attain this

performance passification of the films by baking several hours at about 300°C
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was employed. During this time resistors underwent positive changes of
approximately 50%. The silicides also gave promise with respect to good
aging properties. With the exception of TiSig, the silicides approached the

performance of the Cr + Si0 films, and the TiSi, was much improved after post

deposition baking. -
Films meeting the requirements of resistivity and TCR were cbtained,
and some progress in deposition of uniform and reproducible films was made.
However, the answers obtained pointed to a considerable amount of further
engineering development in order to produce reliably and reproducibly the
films deposited in the laboratory. The intrinsic difficulties of dual source
control point to a single source deposition method as the preferred technique.
New developments in sputtering suggest this method as a possible alternative
to evaporation as a choice for film resistor deposition. Its capabilities
of depositicn of uniform films over large areas and of depositing an alloy
electrode essentially as the stoichiometric composition indicate that sputter-
ing possesses intrinsically the capabilities which are so difficult to obtain
for evaporation of multicomponent materials by any method. It is recommended

that sputtering of Cr-8i0 resistive elements be investigated.®

3
A brief list of recent references concerning sputtering and related processes

1s included in the Bibliography.
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TABLE IIT

SUMMARY OF RESISTOR AGING AT 125 °C IN AIR

SPECIF1C RESISTOR DURING INITIAL TCR MEAS, AFTER 1000 HOURS
RESISTIVITY SERLES oRr gl AR W% ATCR_JPPL/Y REMARKS
(microhm-cm) No. Lo Avg | B No. Lo Avg | Hi Lo Avg Hy
] AR OF 000 HCTA L InG
UNPRQTECTED F/LMS JNCLUDES GO oF ,4i7 T
AIEAS, Lok NP EC G 40 i
(.2<1<5)10% A/ +S,0 s O-/4 | 0.301 O.72 + AR
Cr (FLASHED) ANE o.2/] O30 + AR
Cr +£5.0(FcASHED E] o. 4 0.5 o, b AR
Cr #8510 [ o O./¥ 3.6 — a4k
Cr Sty 7 o O./¢ 0.2 / 0.6 |(wra) + uk
Cu +85:0 7 035 | 2/ /30 plos7xy 4 AR
G 4% 2.6 3.7 6. b \ oxolzeo cparpieYEL y #ETER - a7
Gd + O 2 7/ 2 3 FEW| D8 TS\ s o7 2T [y
A +S5i O 2 D14 0.37 26 r ae
Wiy 8 2. 0.04 0.17 0.29 4 4
T+ Oy & 8./ .7 /- 4 AR
TN / 2.9 4 AR
“Tm, T + Oz /o 006 0.5 /.6 AR
v 13 0.5 Z.Y 3/ + AR
V+Oy )V +AIR 22 2] [ 4,3 + AR
zr ] 6| o2 O o4 6 2./ 2 | so (Byey 7405 a5m5) + ar
Zr + 0, 771 o o0.5¢| 2.5 6 | 032 /5| z2s(bmy sl asms) +aoR
(.5<1s5)10% | cr +50 5| o o22| 2887 2 0.23| 0.3Z| o-42 Yy E; 2z NIOSTes + AR
CrSi, sl o o2yl 0.7 / 1.9 [wes) NIos7Ly NG AR
CrSi, + Ti575 7| 0./ 02/ 0.32 | 0-45| (wes) 44
Cu + Si10 3| 77 27 yea £ Aar
Gl + Oz 2,0 0.65 /03 OxiRizED Kot EGELY ARTER Lo DRYS iV AV ATM. < AR
Mrn + 510 /4| 004 a.% 2.3 5 24 26 £ 2.6 Z2 3y F AR
NbEN 2 |55 57 60 4 AR
T + 0, 3| 29 5.9 & 4 AR
710 /¢ | o 4.5 | 2& 4R
T:02 61 o036 3.2 55 + 472
TN 7 o.3 <4/ b.6 + 4ar
Tr Sty . 7. 009 7.8 z/ 2417 ’7 4 + 4R
Zr 3 0.6 1y EXY] 5 6.9 | /& Fo oz V|7 AouplAams]| v AR
Zr +0, 7/ VA 2.7 5 7| 523 7 =28 [ [ A ar
5<]<5)/0% Al +5:0 z o./3 0.8 Q.24 248
Cr +5.0 /7 ©.0% 3.7 7.3 2 el 97 /3. / /& z3 3/ Y AR, = arep
Cu +5,0 « O3 g s * AR
| Mn +5,0 / .77 + anr
' NEN / e - AR
T +Oz & Je26 i .5 + Aar
T, Os / 7.7  an
A 3 sy | /1 /G (E7e ] WEPE| FET/JULAT HD) £ AR
77 S E 27 1 2.0 4 AR
‘ =, A 77 2.5 4.7 PRER 48 |ias [OWeY SHRS AciNG) L AR
Zr +Oa / /03 + 4R
ZrO, 2 z3 2.4 2.8 +48
(.5</<5)/105 Cr + 510 5 N 2.5 ¢/ 2 4/ s 2 2 3 2 4 25 + AR | L ATCR
CrSu+ByS, 3 | o5 057 06/ / 0.4 47
Cw +S,0 Z |12 /9 25 AR
i 3. /0109 4R
NMn +5/0 = 923 4.5 J/ W4 27 37 =X /78 | 2% 4L AR~ A7¢
YA | o 02§ 093 2 o 4% o |(+ ur kor sopo #8) — O/ DuriNG 7k MEns
T Os 3 0.53 2 ;7 + 47
7 4 O, <L O.7 30 7.7 + O R
7 Os / /6 4 AR
Zr 4+ O 3| /2 23 37 A+ Ak
((5<1<=5)/08 Cr tS,0 E S 23| ;2.9 3 14| 5.8 | 15 4 45 8/ |FAELLR S Tk G s e
Cu+5.0 / A + 4R
Mot S0 . £:7 77 /5o rar, varoe, BRELEA TN
Nb Bs g o .53 2.2 / 9 Lo Ape Jodk w5 Wens) |L AR Duens Ter ATEAL
77 Ca / /3 L AR
Tv Sta 2. 3.5 6.5 2.7 L AR
i
(Continued)
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TABLE III

(Continued)

SUMMARY OF RESISTOR AGING AT 125 °C IN AIR

SPECIFIC RESISTOR DURING INITIAL TCR MEAS. AFTER 1000 HOURS
RESISTIVITY SERIES a R %I AR || %N 2 TCR PPN /ocll REVIRKS
(misrobm-cm) No lo | Avg | Hi No Lo Avg | Hi 1o Avg a1
l AR OF /000 HHouRS RGING it~
UNPROTELCTED FIMS (CoONTINCED) CLwES AR o€ INT TCE MRS,
L0 UNFPROTEC 7 EL L7 M5 .
(.5<i<5) 07} Al +S50 2 a4 n7 2.3 —ap
Co +S5.0 / 3¢ +AR
Mn +£5.0 / “ 6 + a4 rR
Ta, Os ! 9:1 4 4R
TrSia K 52 5.7 6./ AR
Z-+0, / zZ30 + AR
FILMS BAKED IV AR A7 200
(2</{s5 )02 | M+ S0 / 4“7 /3 LAR 4 ATCR
(5<1<5) /03 | Mn+ 80 3 3.3 4.3 55 2 82 /8 | rark, LaveR
PSS BARKED 1v AIR AT 250 %
(2</s5)10%| Cr +5/0 / .05 22 S UR AR
At SO / .25 2 4+ AR A7CR
(5</ £85)od | Cr #5.0 / Pl & - 47
Mn +5:0 2 z./ 2.2 2,4 7 7 T3 A AR — A7
((5</25)/0%| Cr #S,0 51 e Sl o3 o P EXs S oaR = 4l
E/MS BAKEO 'V AR AT 300125 &
(2<rs5)102 | cr +5.0 / O /7 + ATk T
Cr ST ! a8 + AR
v 2 3.2 | F2 [} 20 A7 4 P - a4
(5</<5)/03] ¢r £ 5,0 ! & 37 R
CrSrg 2 0.z a36) 0.55 4 oA
CrSg+ TiSy 2| o07) o2y o3l 1 T A
T St 2| o3 0.35| o | Y _
(.5<is5)i0% Cr +5.0 2z .08 o) O O -9 k4 LAY
(.5< 1 £5)05| CrSi; +845, ! 2.7 L R
N6 Bz ! ¥ 2 AR
(5</<5) 0% Cr £5:0 4 0.2 2551 0.9 zZo 53 Tl | De 4+ a TR
Nb 5. / 7 e 4R
E/LMS OVERCORTEL W/ SO
(2<1s5) /0% | in £50 2 2 0.4 0.7 5 zo 35| 24°, _ azcp
(.S5<is5) /03| Mn +50 3 62 0.9 2.2 / 7 G | v a® —arce
((5</S5)/05 | Mn+S,0 li 36 go A AR, - aT7LL
(.5<1 £5)08) Cr 5.0 4+ #.7 YA Z« =) s 7o | £ de +L7ep
Mn+So ! 29 S 30 + AR, +47CR
(5<i 25) 07| MptSso / 5 5 + AR+ B7CR
FOR _£/L/95 Saseo o
A1 BND OVERCoRTEL
WITH 5,0, 74 aR 347R
OF L0080 M5, RGN
APE CHANGES tN R AND
TER RETER THE PRrRo-
) FECTINE ntEASURES
WERRE TRAEN,
i
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TABLE V

SUMMARIZED PARAMETERS OF RESISTIVE FILMS

YATERIAL NO. EVAPORATION TECHNIQUE THICKNESS SPECIFIC TCR MAXIMUM SPECIFIC <:SISTIVITY
EVAPORATED { SPECIMENS RANGE RESISTANCE RANGE NITHIN & 500 PP¥ |WITZIN & 300 PPM
BANGE " OF ZERO T.C.R. OF ZERC T.C.R.
(Angstroms) (microhm-cm) (10™%/0¢) {microhm-cm) {mierohm-cm)

Al + SiQ 16 DUAL SCURCE BVAPO<ATION -- Al and 500 to 6,000 40 to 4 X 1671 -85 to + 10 2,000 at -500ppm { 1,300 at ~300ppm
S10 oco~evaporsted in high vacuum (600 @l zeko TCR)
from independently hested EN
erucibles, B

Cu + Si0 25 DUAL SQURCE EVAPORATION == Cu and 470 to 3,700 80 to 2 X 105 -99 to + 11
S10 co-sveporsted in high vacuun
from independently hested W bosts.

. , 2x 108 45 &t +500ppm
14 DUAL SCURCE EVAPCRATION =-- Cu and 500 te 5,000 18 to 2 X 10 |-36 t0 +6,1 at + 400 ppm
$i0 co~evaporated in high vacuum {/er'"'/‘:d"/‘;_"f”‘ OB/ RNED LARGE ¥REIRTICN N
from independently heated EN e VALUES BETWREN +300ppm £ 1/20088
crucibles, )

Cr 12 Flash svaporated Cr powder from Rf5q. = 1.3 o 15 obms +2,8 to + 14
¥ boat in high vacuum,

Cr + S40 8 Flagh svaporated Cr end SiC Approx. B85 Approx. 400 =1.5 to - 0.2 B
potders from W boat in high vacuum
(approx. 1:1 volume mixture},

Cp + Si0 45 COMMON SOURCE EVAPORATION: Cr 800 to 3,550 100 to 1.2 XlOI7 = 38 to + 2.8 4 X 10% 2,3 X 104
and SiC co-eveporated from common | ( Range for 17 at =500 ppm at -300ppm
source in high vacuum. specimens meas G x10% ar z€RO)

measured to de-
termine specifio
resistivity vs,
TCR)
Cr + 510 280 LDUAL SOURCE EVAPORATICN --3imul- [<500 to 5,000 100 to 2 X 10° | -42 to + 6
(for study|taneously evaporated Cr from 2
ol film W=tate and 310 from prapaite
uniformityfoloth source.
over 2°Xx2% .
substrate “
area) |

CrSiz 9 CrSip powder sublimated at tem- 300 to 2,000 240 to 2700 «7.4 to + 2,3 1,800 at ~500ppm [1,200 &t ~300ppm
peratures near and slightly below ( 500 at ZERO)
its melting peint from % boets.

2 Evaporated with electrcn besm 1320 + 50 48 * 10 + 0,35 # 0,06
from CrSi, melt in Cu Crucible,

CrSip +ByS1 3 fveporated with electron besm » Approx, 6,600 Aprrox. 93,600 -26 + 0.3
powder mixture of meas ratioc
2:1, Cr512=545$ from Cu cruaible,

3 Electron beam on CrS5i, melt on Approx. 2,800 850 to 1,280 0,63 to + 14
a bed of By5i powder in e Cu Cru,

C:-Si2 + 1‘1512 7 Electron beam eveporated 1:1 660 te 1,400 777 to 3,640 “4.4 to =1.08 3,640 at ~440ppm |¥1,000 at =300ppm
mass mixture of CrSi, and Ti5i, ( VARIES WiTH TEMPERAT E
powders from Cu crucible. AL EyARIRANT 0MixTvRE

DURING Fr1erl D&Erasirian.

Gd 4 Evaporated Gd turnings from 2,000 to 6,000 168 to 332 +5.03 to +7.8
Tantalum boat.

% 300 st +500ppm

Gd + 0, 8 Evaporated Gd turnings from 677 to 1,370 214 to 616 +3.9 to 6.2
Tentalum boat in partial pressures
of oxygen.

Mn 4 Evaporated Mn (96%, cerbon free) | Approx 700 74 to 210 0,33 to +l.5
from tantalum grain box source,

¥n + 510 30 COMMKON SOURCE EVAPORATION: Mn 330 to 3,700 300 to 1,3 X 107]-33 to + 1.8 2.4 x 10* 1.4x 10*
and Si0 co-eveporated from common at - 600ppm at -300ppm
grain box source (Ta) in hign vec { 3 xwat ZER0)

Nsz 15 Evaporated NbBy powder from Cu 1,800 to 3,500 12108 to =54 to -33
oruzible with electron besm gun 1.1 % 108
in high vacuum.

NoN 3 Evaporsted NbN powder from Ta 300 to 520 2,900 to 6,600 |-5.7 to -3.8 % 5x 103
bost in high vecuum. af - Soo gpm

(Continued)
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TABLE V

(CONTINUED)

SUMMARIZED PARAMETERS OF RESISTIVE FILMS

KATERIAL No. EVAPORATION TECENIQUE THICKNESS SPECIFIC ICR MAXIMUM SPECIFIC RESISTIVITY
EVAPORATED SPECIMENS RANGE RESISTANCE RANGE =
RANGE NITHIN 2 500 PPM [#ITHIN % 300 PPM
OF ZERO T.C.R. | OF ZERO T.C.R.
(Angstroms) microhm~om (2674/%) {microhm-om} {microhm~cm)
leﬁ 3 Evaporated Ni,B from W basket <100 to 400 42 to ¢3,000 =241 to +1646 <3,000 at =210ppH
in high vecuum.
Ta0g 4 Eveporated Ta,Oc powder from Approx, 860 Approx. 3.6 X 107 =80 to =71
Ta boat ir high weouum.
4 Evaporated Taz0g powder from Approx. 900 Approx. 4.9 x10% [-86 to - 49
W boat in high vacuum,
T 1 Evaporated Ti from atrended ¥ fila R/So. = 15 ohms + 21
T: + (>2 21 Evaporsted T1 from strsnded W filaJ 240 to 1230 200 to 279,000 «B8 to +21 500 at =600pom {400 st -300 ppm
in partial pressurs of oxygen, (250 at zamo)
TiC 8 Eveporsted TiC from ¥ bost tn 100 to 1,100 1,370 to%4,000 [=14.9 to -3.5 %2,000 st ~500ppm|#1,000 at =300ppm
high vecuum.
[ Evaporated T10 from Ta bost in 800 to 1300 687 to 943 ~Bek to =4l % 750 at ~6500ppm]| X 600 at -300ppm
high veouum,
Ti0; [] Eveporated TiCy from Ta boat in Approx. 1,000 880 % 100 =10 to =7
high vaouum.
1 Eveporsted TiOp from Ko boat in <100 <1,06 X 104 =338
High vacuum ( boat attacked severed
).
2 Evaporated TiO, from W bost in 484 4,48 X 105 -5¢
high vacuum 655 6,67 X 108 -51
T!,B2 5 Evaporated T&Bz powder with Eete 1,800 Eet. »>1 X 10‘ -4,3 to =1,7
eieotrou Leawm guo from Cu oruoible [(films retioulated
in high vacuum.
TN ] gvo;gginttzrfit::::m’ﬁi::i:e 850 to 770 340 to 2,070 =7.4 to =D.3 1,000 st -500ppm| 600 at =-300ppm
dor from eh vac, (350 a+ zeeo 7ck)
TiSi, 12 Eveporated TiSi, powder from 280 to 1,060 1,000 to7 =65 to -4 1,000 at -500ppm| % 400 &t =300ppm
¥ boat in high vecuum 3,1 X 10
Tm 4 Evapaorated Tm from Ta bost in R/Sa. = 4.4 to +11.8 to +138
hign vecuum. 8,2 ohms
Im + 0, 10 Evaporated Tm from W basket in 743 (one) 286 +9 ¢ 5
partial pressure of oxygen R/Sq. = 16 to 48,6 to +11
(Argon -0, Xix., moatly Argon) . 32 ohms
v 3 Eveporated V from stranded W, 740 to 826 90.2 to 102 H8.6 to +9e3 T
in high vaouum,
11 Evaporeted V from stranded Mo, 388 to 640 (four){173 to 374 +1.7 to +2e8
in high veouum. vory thin (Five)|R/Sqc.= 259 to =044 to +0ef
8,495 ohms
6 Evaporated V with eleotron besm #2680 to 465 218 to 238 +1.8 to +2.4
gun from Cu orucible in high vac.
v+ 0, 11 Evaporated V from strended W fila, | 330 to 600 (Nine)|81 to 297 3.8 to +15.6 g (270 at ZERO}
in partisl pressures of Argon - Two) {R/Sq=23.8 &25.5 | +10.4 & +13,3 352 at =170
oxygen mixture. ohms.
11 Eveporated V from stranded Mo fileJ 237 to 803 (four)|174 to 362 =17 to b4
in partial pressure of Argon- C,. very thim {Seven]R/Sq=3,060 to =236 to =10
340K ohms
V + Alr 9 Evaporated V from stranded % fils, | 330 to 718 (Seven]109 to 210 +3 to +10.4
in pertial pressure of Argon-air.
4
vzos 'y Evaporated V,0g powder from W bost (One) |R/Sq=1,672 chma |=47,2
in high veouum. Approx. 4,000 (Iwq) Approx. 2.5 xw’| - 87
Zr 29 Evaporated Zr from strended W film, 330 to I,IBZ(E) 174 to 18,3000 =6,1 to +6
in high vacuum (Eleven)R/Sq=226 to -18 to ~1.47
23,300 ohma
ir + 0, 85 Evaporated Zr from stranded W fild 366 o 3,188 (344 99 to 8.8 X 107 [-62 vo +18 8,500 at =500ppm| 3,600 &t ~300ppm
in partial pressure of Argon - 0Oy} (Forty~eight R/89=9.6 to =16 to +18 (Soo+ 300 at
1,034 ohms 2&co @ s00 ppm)
2rCy k4 Evspcrated Zr02 from W boat in 11,600 to (Four) .82 X 10‘ to =12,5 to =2,9
high vecuum. 16, 640 2,78 X 10 €.5 x 10t 3.8 X 10%
at -500ppm at -300ppm
(Two) R/Sq=660 and ¢ |58 (Est, 1 X 104
3,8 X 10 -69.3 at Zero)
TOTAL = 768




